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13 ASSTRACT (Manmum 200 woras)

The zrucles enclosed with this repont describe work relaied 1o five aspects of visual information processing. (1}
Conunuing studies of two separaie molion-computaiion sysicms i human vision and the derivation of the functional
properues of cach. (2) The mvestigauon of 3D structure denved from 2D visual inputs. Hesein we 2dd to our previous
evidense that suuture from mouon depends pnmanly on first-order molion computation, and we de ate restricted
abitmes ol the scoond-order sysiem. (37 A potent form of spatial contrast-gain-control was discovered and found 10 be not
only trequen.y seiccuve but also onentanon specific. This form of local gain control may exemplify a universal form of
ncurat normalizauon. 4y Studies of human pattem recogniion of familiar shapes (such as Tetters) show that its statistical
etticicncy approaches an mcredible 50% of the 1dzal detecto. s effiviency when the pattem is spatially bandpass filtered 1
a band whose wavelength 15 of the same ordes as the pattemn atself (indzpendent of the size of the retinal image) (5)
Studies of real and simulaied saccadic eye movements (in which the same sequence of images that is produced on the
reuna dunng saccadic eye movements 15 arifically produced on a stationary retina) answer the following questons
about human visuar percepuion. (1) Why don't we sec the smear produced on the retina during an cye movement® (i)
Why doesn 1 the world 2ppear to move as a result of the image movenents produced by cye movements® (1) Docs the
visual system requirc sudden sumulus onsets (such as those produced by cyc mot.ments} io initiate processing episodes”
uv) To sene the perceplual construction of a stable representation of the world, 1s there a special memory to relate
images produced by successive cye movements?
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Abstract
A theoretical foundation and concrete stimulus-construction methods are provided for studying
motion-from-spatial-texture without contamination by motion mechanisms sensitive to other aspects
of the signal. Specifically, examples are constructed of a special class of random stimuli called tex-
ture quilts. Although, as we demonstrate experimentally, certain texture quilts display consistent
apparent motion, it is proven that their motion content (a) is unavailable to standard motion analysis
(such as might be accomplished by an Adelson/Bergen motion-energy analyzer, a Watson/Ahumada
motion sensor, or by any elaborated Reichardt detector), and (b) cannot be exposed o standard
motion analysis by any purely temporal signal transformation no matter how nonlinear (¢ g., temporal
differentiation followed by rectification). Applying such a purely temporal transformation to any tex-
wre quit produces a spatiotemporal function P whose motion is unavailable to standard motion
analysis: The expected response of every Reichardt detector to P is 0 at every instant in time. The
simplest mechanism sufficient to sense the motion exhibited by texture quilts consists of three succes-
sive stages: (i) a purely spatial hnear filter (i) a recufier (but not a perfect square law) to transform
regions of large negauve or positive responses into regions of high positive values, and (ii) standard

mouon analysis.
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Chubb & Sperling: Texture Quilts 2

1. Introduction.

Standard motion analysis. The extensive literature on the motion of random-dot cinemato-
grams (Anstis, 1970; Julesz, 1971; Braddick, 1973, 1974; Lappin & Bell, 1976; Bell & Lappin, 1979;
Baker & Braddick, 1982a, 1982b; Chang & Julesz, 19832, 1983b, 1985; Ramachendran & Anstis,
1983; Nakayama & Silverman, 1984; van Doom & Koenderink, 1984) points toward the view thata
"short-range” system (Braddick, 1973, 1974) submits the raw spatiotemporal luminance function
directly to standard motion aralysis (such as might be accomplished by an Adelson/Bergen motion-
energy detector (Adelson & Bergen, 1985), 2 Watson/Ahumada motion sensor (Watson & Ahumada,
19832, 1983b, 1985), an elaborated Reichardt detector (van Santen & Sperling, 1984, 1985), or some

vanants of a gradient detector (Marr & Ullman, 1981; Adelson & Bergen, 1986)).

Fourier and nonFourier hanisms. An impressive number of observations suggests that

standard inotton analysis is not the whole story (Sperling, 1976; Ramachandran, Rao & Vidyasagar,
1973; Petersik, Hicks & Pantle, 1978; Ramachandran, Ginsburg & Anstis, 1983; Lelkins & Koender-
wmk, 1984; Derrington & Badcock, 1985; Green, 1986; Panile & Turano, 1986; Demrington & Hen-
ning, 1987; Turano & Pantle, 1988; Bowne, McKee & Glaser, 1989; Cavanagh, Arguin & von
Grunau, 1989). In parucular, Chubb and Sperling (1987, 1988) have demonstrated a vanety of
sumuli that display consistent, unambiguous apparent motion, yet that do not systematically stimulate
mechanisms that apply standar¢ motion analysis directly to luminance. For reasons that will become
clear in Section 2, we call any metion system that applies standard analysis to the raw signal as a
Fourier mechanism, and we refer to any system that apphes standard analysis to a nonlinear transfor-
maton of the signal as a nonFourier mechanism.

Microbalanced stimuli. The methods used by Chubb & Sperling to construct stimuli whose
obvious and conststent motion content cannot be revealed oy applying standard mouion analysis
durectly to luminance are founded on the notion of a microbalanced random stimulus. In Section
2.3.5, we show that the expected response of any standard motion analyzer applied directly to any

microbalanced random sumulus 1s equal to the expected response of the corresponding analyzer tuned
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Chubb & Sperling: Texture Quilts 3

1c motion of the same type, but in the opposite direction.

Microbalanced random stimli allow us to differentially stimulate nonFourier motion mechan-
isms without systematically engaging Fourier mechanisms, This is the source of their importance in
the study of motion perception.

There are probably several types of nonFourier motion mechanisms, distinguished by the dif-
ferent nonlinear transformations they apply to the signal prior to standard motion analysis. In this
paper, we extend the theory of microbalanced random stimuli in order to develop methods for con-
strucung stimuli that selectively engage specific classes of nonFourier mechanisms without stimulat-

g either Fourier mechanisms or other classes of nonFourier mechanisms.

Pointwise transformanons, static nonlinearities. A transformation T is called posnswise if the
output of T at any pownt (x,y,?) in space-time depends only on the (sumulus) mput value at that
poinL. A nonlinear pomntwise transformation someumes is called a stanic nonlinearity For mstance,
simple rectifiers and thresholders are pomtwise transformations. In Section 3, we address the problem
of 1solaung the class of nonFouner mechanisms that apply a simple pointwase transformaton prior to
standard motion analysis from the class of all those mechanisms that apply more comphcated
wansformations. The central result in this Section 15 proposition 3.2 which provides necessary and
sufficient conditions for a random sumulus / to be such that any pointwise transformation of / is

microbalanced.

Purely temporal wransformations and texture quilts. The results with powntwise transformations
are extended in Section 4 to purely temporal transformatons (defined in Section 2.2). Whereas, for a
pomntwise transformation, the transformed value at the pomnt (x,y,¢) depends only on the simulus
value at (x,y,1), in a purely temporal transformation the transformed value at (x,y, 1) may depend 1n
any way whatsoever on the entre hustory of sumulus values at (x,y). We define the class of sumuli
called texture quilts (Defimition 4.1) whose importance denives from the fact (proven in proposition

4.3) that any purely temporal transformaton of a texture quilt 1s microbalanced. Concrete methods
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are provided for constructing binary and sinusoidal texwre quilts that display consistent motion.

In Section 5, these construction methods are a?plied in an experiment designed to demonstrate
the effectiveness of three texwral properties as carriers of motion information. The textural properties
are (1) spatial frequency variation (ji) orientation variation, and (jif) variation between perceptually

distinct textures with identical expected energy spectra.

2, Preliminaries.

This section states the background facts presupposed by the main discussion of the paper.

2.1. Discrete dynamic visual stimuli.

Notation. Let R denote the real numbers, and Z (Z*) the mntegers (posiuve integers). We use
square brackets to enclose arguments of discrete functions, and parentheses to enclose arguments of
contingous functions.

The range of a stimulus. We want the term "sumulus™ to refer not only to the luminance func-
uon submitted as input to the retina, but to any physiologically reasonable transformation of the spa-
uotemporal luminance function which might be submitted as input to a component processor of the
visual system. Consequently, although luminance is physically a non-negative quantity, we do not
apply this constraint to the class of functions we admt as sumuli. We allow stimuhi to take values
throughout the positive and negative real numbers.

The domain of a stimulus. To remain close to our intuitions about neurally realized visual
processors, we take stimuli to be a functions of the discrete domain Z? (where the dimensions
comespond to horizontal and vertical space, and time). In addition, for mathematical convenicnce,
and without loss of physiological plausibility, we require a sumulus to be 0 almost everywhere 1n its
(infinite) domain.

The definition of a stimulus. We call any function J:Z* R a sumulus provided

I(x,y,t} = 0 for all but finuely many pownts of Z*.

August 7, 1990
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‘We shall be considering stimuli as functions of two spatial dimensions x, y and time ¢£.

Stimulus contrast. As is now well-established (e.g., Shapley & Enroth-Cugell, 1984), carly
retinal gain-control mechanisms pass not stimulus luminarice, but rather a signal approximating
stixmﬁus contrast, the normalized deviation at each time ¢ of Iuminance at each point (x,y) in the
visual field from a "background level”, or "level of adaptation™, which reflects the average luminance
over points proximal to (x,y.r) in space and time. Because the transformation from juminance to
contrast is a processing stage that is general to ali of vision. we shall dtop reference to mean fumi-

nance L, , and characterize L only by its contrast modulation function, C:

L
C-Z:-" ()]

What we shall argue 1n this paper is that the broad-band spatial filtening that mediates the step
from luminance to contrast is succeeded by additional filtering stages in which a number of narrowly
tuned spaual filtcrs are applied to the visual signal, their output rectificd, ard the resulting spatiotem-
poral signal processed for motion information.

The history of a stimulus at a point in space. For any stimulus /, any point (x,y) € Z?, we
define £y ). the history of I at (x,y), by setting

Taplt) = Ix oy, 0} Q)
foralls € Z.

Space-time separable stimuli, A stimulus J is called space-time separable iff J can be

expressed as the product of a spatial function f :Z? - R and a temporal function g:Z — R: For all

(x.y.00e Z%I(x,y,1) = flx.y)glt).

The Fourier transform of a stimulus. Because any stimulus / is nonzero at only a finite

number of points, the energy in/ is finite, implying that/ has a wetl-defined Fourier transform.

August 7, 1990
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We denois I °s Fourier tzasform by Ik wxistag j for the cocplex moster (0. 1),

T(@.B,?): i i i’k-"‘k.i"ﬁ.”m- G.

2 e Y [

Alihough T is defined for 211 real nummbers 6,8,1, it B pesindic oves 2z i each 2xpemest. This

f2ct is reflect=d in the inverse traasform:
1 kkk_ .
1y 0l = = | | [ @0 e=+" o deds G
Fooo

In the Fourier domain, we consistently use ¢ to index frequencies relzive 10 x, 0 frequencies relative
10y, 2nd 1 frequencies relative to 1.

The function 0. We wiite 0 for 2ny finction thet assigns 0 10 each element i its domatn,
Thus, 0 defined cn Z? is the stimulus that is zero throusiust space 2nd time. We also write 0 for the

temporal function that sets 0]t} = O focall s € Z.

2.2. Mappings and stimulus transformations.

Let 2 be the set of all real-valued functions of Z%, and call 2ny function of Q into Q amapping.
(We shall need the general notion of 2 mapping oaly briefly in order 10 specify the subsei of well-
behaved mappings called transformations.) For any mapping M and any J € , M(/} is a real-
valued function of Z* accordingly, we write M (I)ix.y.] for the value of M (/) 2t zay point
x,y.0)e 2%

If 1t is continuous, a function f:R — R submits to a wide range of useful operations. For
instance, if f is continuous, it can be integrated over any finite interval, Of course, f need not be
continuous to meet this condition. For instance, f is integrable over any finite interval if f is discon-
tinuous at only a finite number of points in any finite interval. If £ is integrable over any finite inter-

val, and if f also is bounded, then for any function g for which lg converges, l fg also converges.
In parucular, ‘{ 2 converges 1f g 15 a density funcuon. For the results reported here, we restrict owr

attention to a special class of mappings, which we shall call stimulus transformations, that have
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propesiies 2ma%op0es 1 those of the mell-beloved fonction f . We specHy these desiable propertios
Befolonig ez

Coztizaces m2ppiogs; finkely inlezrable mappings; boanded mwappings Fwzy /e Q,
25 p € Ry y e 22, wewsiz ], , for the element of Rt i fenical to ] 2128 Jocesions of Z*
axzept . where it tekes Be valne p. Asy rmappisg M s called concirzozs f M {1, )E) is 2 coo-
s fextmof p for 2y J € R 2d 23y v, L€ Z2 M is called firively incegredle if, for 2oy
sachl, v, 2d L M{,. M) is 20 inegreble fomcsion of p over 23y faie ktervel, Finally, M is
c2Bed bourZed if, for 2ay such 1, ¢, 2d LA {1, )} is #s 2 bocaded fction of p over the sezof
real prmbers. -

Thbe definition of 2 stimolos sft fon. A stirzl: Rsfc fon (which we shell

often refer to sinply 25 2 rrensformation) is a bocnded, £aitely integrable, mepping T such that T(S)
is a stimulus for zny stimelus S, 204 7(0) = 0.

There 2re other reasoazble constraints we might impose on the notion of a stimulus transfomma-
uoa. For instance, we might require a stimulus t2asformatica to be time-invasiant and caosal. How-
ever, we do not include these conditions in our dzfinition because they are not required for the resulis
wereport.

Purely temporal stimulus transformations. Let Q5 be the set of all functions mapping Z into
R. A wransformation H is called purely temporal iff there exists a function Hy:Qp — Qp such that
for any stimulus/, a0y (x,y. 1) € Z,

Hx,y.0) = He( o )Mt} &
That1s, the value at the point (x, y.f) € Z? that results from applying H 107 depends only on the his-
tory of / at (x y). Since it is obvious from the context, we drop the distinztion between 4 and Hy,
and allow 4 o be apphizd both 1o fuil-fledged stimuls and to simple functions of time. Thus, for any

tempora) function P:Z - R, we shall write H (P) to indcate the temporal functioa F(P).

August 7, 1990
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Cth & Spestsng Texre Qiks 8

We sif] be pasticetady concerned with two fypes of mazsfomations: poirnssise traasforma-

Pointwise transformations and rectifiers. For 2oy fesctions f:A -8 2dg:B - C, the

corposidongef: A - C isgivenby
gof(2) = g(f (@) ©)
for zaya € A. Foraay R —» R, we call the mapping f o, yielding the spatiotemporal function fef

whea 2pplied to stimulus 7, 2 poirswise mepping (because its outpat valos at any poéat in space-time
depeads oaly o its input value 21 that poing).

As is evident, fe is a wznsformation Hf () £(0)=0, (6) f is bounded on R, and (i) f is
integrable over 2y bounded real interval. A wensformetion f e is called a positive Ealf-wave rectifer
if f ismonotonically increasing, and f [v}=0forallv <0; feis called a regative kalf-wave rectifier
if f is monotonically decreasing, and f [v] =0 for v 2 0. Finally, f e is called a full-wave rectifier if
f isamonotonically increasing function of 2bsolute value.

Linear, shift-invariant (LSI) transformations. For any offset y € Z?, define the mapping S¥
by

sDIQ = I1L-vl o
for any I € Q. Thus S¥(!) is derived by shifting / by the offset y in Z*. Any mapping M is called
skift-invariant iff

SYM{Y) = MESY() @®

forany y € 2%, any J € Q. Inaddition, M is linear iff for any /,J € 2, any real numbers x and A
M@®I+N) = kM) +AMUJ). ©
As is well known, any linear, shift-invariant (LS/) transformation can be expressed as a convolution,

which is defined for any 1 € Z° by

ko Dlu) = 3 klu-viIv), (10)
v
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for some k:Z° — R. The fonction k is called the impulse resporse of the transformation ks .

23. Random stimuli.

Forary real random variable X with density f , we write E{X] for the expectation of X =

EX} = i[x f@)dx. ayp

The notion of 2 rendom stimulus genzralizes that of a (npon-random) stimulus in that the values
2ssigned points in space-time by a random stimulus are random variables (with finite variances) rather
than conistants.

The definition of a random stimulus. Call any family (R[x.y.¢]0 (x.y,1) € Z% of jointly
distributed random variables a random stimulus provided

(@) R[x.y, 1] is constant and equal 0 0 for all but finitely many (x,y,1) € Z°,

and

@) E[R [x.y.l)’] exists for all (x,y,1) € Z>.
As with non-random stimuli, we write R for the Fourier transform of any random stimulus R ; and, for
any y=(x.y)e Ziwe viite Ry for the temporal random function defined by

Ry{t) = R[x. 1} (12)
for all timest € Z.,

Space-time separable random stimuli. We call a random stimulus R space-time separable iff
R is space-lime separable with probability 1.

Constant stimuli. Any ordinary stimulus can be regarded as a random stimulus that does not
vary across independent realizations. We call such such unvarying stimuli constant.

The motion-from-Fourier-components principle. Parseval’s relation states that the energy
1 a sumulus 15 proportional to the energy in ats Founer transform. Individual spatiotemporal Founer
components are drifung sinusoidal graungs. Thus, we can add up the energy 1 a dynamic visual

stumulus either point-by-pownt 1n space-ume, or dnfung swusoid by drifung stnusord. A commonly
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encountered rule of thumb (Watson, Ahamada & Farrell, 1986; Watson & Ahumada, 1983b; van San-
ten & Spesling, 1985) for predicting the apparent motion of an arbitrary stimulus 7 [x, y, £]=f [x,]
(constant in the vestical dimension of spacc), is the r;zqtion;from-Fonﬁer—wntpancms principle: Forl
regarded as a linear combination of drifting sinusoidal gratings, if mostof I'’s energy is contributed by
rightward-drifting gratings, then perceived motion should be to the right. If most of the energy
resides in the leftward-drifting gratings, perceived motion should be to the left. Otherwise I should

manifest no decisive motion in either direction.

Drift-balanced random stimuli. The class of drift-balanced random stimuli (Chubb & Sper-
hing, 1987, 1988) provides a rich pool of counterexamples to the motion-from-Fourier-components
principle. A random stimulus R is &:ift palanced iff the expected energy in R of each drifting
sinusordal component 1s equal 10 the expected energy of the component of the same spatial frequency,
dnfung at the same rate, but in the opposite direction. The term drift balanced is defined formally as

follows.

Definition of a drift-balanced random stimulus. Call any random stimulus R drift balanced

iff

e[k = £[Fe.0 -] a3)
for all (e, 8,7) € R>.}

Thus, for any class of spatiotemporal hinear receptors tuned to stimulvs energy in a certain spa-
notemporal frequency band, a drift-balanced random sumulus will, on the average, stimulate equally
well those receptors tuned to the corresponding band of opposite temporal orientation.

Microbalanced random stimuli. Consider the following two-flash stimulus §: In flash 1, a
bright spot (call it Spot 1) appears. In flash 2, Spot 1 disappears, and two new spots appear, one to the

left and onc symmetrically to the nght of Spot 1. As one might suppose, S is drift balanced. On the

—
. For a proof that tie expected energy of the Founer transform of any random sumulus 1s everywhere well-defined sec
Chubb & Sperling, 1988, appendix A
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other hand, it is equally clear that a Fourier motion detector whose spatial reach encompasses the
Tocation of Spot 1 and only one of the Spots in fiash 2 mdy well be stimulated in a fixed direction by
S. Thus, although § is drift balanced, some Fourier motion detectors may be stimulated swongly and
systematically by §. These detectors can be differenitially selected by spatial windowing, and thereby
the drift-balanced stimulus § is converted into a non-drift-balanced stimulus by multiplying it by an
appropriate space-time separable function. The following subclass of drift-balanced random stimuli
cannot be made non-drift-balanced by space-time separable windowing.

Definition of a microbalanced random stimulus. Call any random stimulus/ microbalanced
iff the product W7 is drift balanced for any space-time separable function W.

One can think of the multiplying function W as a "window" through which a spatiotemporal
subregion of / can be "viewed™ in isolation. The space-ime separability of W insures that W is
"transparent™ with respect to the motion-content of the region to which it is applied: W does not dis-
tort I's motion with any motion content of its own. The fact that/ is microbalanced means that any
subregion of / encountered through a "motion-transparent window™ is drift balanced.

The following charactenzation of the class of microbalanced random stimuh, and all other

results stated without proof in thus section are from Chubb and Sperling (1988).

23.1. A rand imulus I is microbal, w"'x,'fandonlyif

E[l[x.y.r]l[x’.y’.I’)-I[x,y.l']l[i.)’.l]] =0 (14)
forallx,y,t,X,y ., € Z.

Some other relevant facts about microbalanced random stimuls:
23.2, For any independent microbalanced random stimulil andJ,

L the product 1} is microbalanced,
and

1L, the convolution I » J is microbalanced.

August 7, 1990
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233, (a) Any space-time separable random stimulus is microbalanced; (b) any constant microbal-

anced stimulus is space-time separable.

The following result is useful in constructing a wide range of microbalanced random stimuli

which display striking apparent motion.

234. La T be a family of pairwisc independent, microbalanced random stimuli, all but at most one

of which kave expectation 0. Then any linear combination of T"is micrchalanced.

Reichardt detectors and microbalanced random stimuli. Two Fousier motion detectors pro-
posed for psychophysical data (Adelson & Bergen, 1985; Watson & Ahumada, 19832, 1983b) can be
recast as Reichardi detectors (Adelson & Bergen, 1985; van Santen & Sperlng, 1985). The
Reichardt detector has many useful properties as a mouion detector without regard to its specific

instantiation (van Santen & Sperling, 1984, 1985).

FIG1

Figure 1 shows a diagram of the Reichardt detector. It consists of spatial receptors character-
zed by spatal functions f, and £, temporal filters g+ and gy« , multipliers, a differencer, and
another temporal filter ks . The spatial receptors f,, 1 = 1,2, act on the mput sumulus / to produce

mtermedtate outputs,

»l) = X filxy)ixy.al (19)
Gax?
At the next stage, each temporal filier g;+ transforms s input y, (i, J = 1,2), yielding four temporal

output functions: g; « y,. The left and right multipliers then compute the products

[t [yresa)] ana [pre ] [ra sitt] resmcivery, a9
and the differencer subtracts the output from the right multipher from that of the left multiplier:
D) = [y10 i) [ v g2t - e gat))[32v eat)]. an
August 7, 1990
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Fig. 1. The Reichardt detector. Let/ be a random stimulus. Then, 1n response to /, for i = 1,2, the box
containing the spatial function f,:2% = R, outputs the temporal function, Y. f,[x.y)7[x,y,t}; each of
ok

the boxes marked g, « outputs the convolution of its input with the tcmpo},al function g,:Z — R; each of
the boxes marked with a muluplication sign outputs the product of its inputs, the box marked with a minus
sign outputs 1ts feft input minus its night, and the box containing ke outputs the convolution of its input
with the temporal function h:Z = R. To se¢ how the Reichardt detector senses motion, suppose f, is
idenucal to £, but shifted in space by some offset, and suppose the filters g;+ do not alter thewr input,
while the filters g,+ simply delay thewr input by some amount §, of ime, Then a rigidly translating pattem
moving in the direcion of box f,'s offset from bex f, will elicit some time-varying response from box f |,
and the same response a short time later from box f,. If that "short time later” is precisely §,, the output of
the nghthand multplier will be posiuve as long as the pattern keeps drifting. This wall result in a net nega
tive Reichardt detector output. If the pattern drift is in the opposits durection, the detector response will be
posiuve.
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The final output is produced by applying the filter ks, whose purpose is to smooth the time-varying,
differencer output D. Since many Fourier mechanisms can be expressed as, or closely approximated
by, Reichardt detectors {van Santen & Sperling, 1985; Adelson & Bergen, 1985, 1935), the following
characterization of the class of microbalanced stimuli can be regarded as the comerstone of the claim

that microbalanced random stimuli bypass Fourier motion mechanisms.
23.5. For any random stimulus 1, the following conditions are equivalens:

1.1 is microbalanced.

2. the expected resp of every Reichardt detector to 1 is 0 at every instant in time

Proof. Chubb & Sperling (1988) proved that I imphes 1. To obtain the reverse implication, note that
if 1 holds, then, in particular, for any pomts (x,y), (x’, Y )€ 22 and any §, € Z, the expected
response o/ 15 the temporal function O for a particular simple Reichardt detector that computes
1,y I,y 0 =8 = Hx,y, 0 =8)IX,Y 1} (18)
This Reichardt detector 1s constructed by making (i) f (of Fig. 1) the function that takes the value 1
at (x,y) and O everywhere else, (ii) £, the function that takes the value 1at (x’, y') and 0 everywhere
else, () each of gy» and ks the identity transformation, and (1v) g« the filter that delays its input
by 8, units of time. However, if the expected response to I is O throughout time for any such

Reichardt detector, then Eq. (14) holds, and proposition 2.3.1 imphes that / is microbalanced. |

3. Random stimuli microbalanced under all pointwise transformations.

The main purpose of this paper is to provide tools for differentially stimulating specific types of
nonFouner motion mechanisms without engaging either Fourier mechanisms or other types of non-
Fourter mechanisms. A nonFouner motion mechanism is one that applies an imtial ronlinear
transformation to the visual signal and subjects the output to standard motion analysis. In this section,

we provide some results relevant to the psychophysical problem of stimulating nonFouner mechan-
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isms whose initial transformation is nonpointwise without engaging any mechanism whose initial
transformation is pointwise. The main finding is stated in proposition 3.2, which provides necessary
and sufficient conditions for a random stimulus  to be such that f o] is microbalanced for any point-
wise transformation fe. In Scction 4 we shall apply this result to construct random stimuli (texture
quilts) which are microbalanced, and are, moreover, guaranteed to remain microbalanced after any
purely temporal transformation. Such stimuli are useful for selectively stimulating nonFourier motion
mechanisms that-extract motion information from stimuli that have undergone nonlnear spanal

stimulus transformations.

We begin by considering an example of a stimulus (Chubb & Sperling, 1987, 1988) that is
microbalanced under alf pointwise transformations, but whose motion can be revealed by a purely

temporal nonlinear transformation,

3.1. Stimulus J: Traveling reversal of a random black-or-white vertical bar pattern. Let
M € Z*. We construct the random stimulus J of M +1 frames indexed 0, 1,...,M , each of which con-
tans M verucal bars, indexed 1,2...,M from left to right. In frame 0 of sumulus J, all M vertical
bars first appear. The contrast of each bar is 1 or =1 with equal probabihty, and bar contrasts are
jointly independent. In each successive frame m, m = 1,2,...M, the m™ rectangle flips its contrast
to 1 if its previous contrast was ~1; otherwise it flips from 1 to -1, In frame 1, rectangle 1 flsps con-
trast; in frame 2, rectangle 2 flips, and in successive frames, successive rectangles flip contrast from
left to right, until the Mk rectangle fhips in frame M, after which all the rectangles turn off. An xt

cross-section of frames 010 M of J 15 shown in Fig. 2a,

FIG2

The traveling contrast-reversal, shmulus J, is easily expressed as a sum of pairwise indepei-
dent, space-time separable random stumuli, all with expectation 0; thus propositions 2.3.3a and 2.3.4

unply thatJ is microbalanced, Moreover, 1t 1s easy o see that, because J s frames are compnsed of
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Fig. 2. Exposing the motion of the traveling contrast-reversal of the random black-or-white vertical bar
pattemn J to standard moton-analysis. (a) An xt cross-section of J. (b) An xt cross-section of the partial
derivative of J with respect to me. (c) An xt cross-section of [0J/01]. Each of J and 9J/9¢ is microbal-
anced. However, [07/01] is not. In particular, [0/ /¢] has most of its energy at those frequencies whose
velocity is equal to the velocity of the travehing contrast-reversal,
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only two values, any pointwise transformation of J merely serves to rescale each of J°s frames, and
to shift it by a constant: that is, for any f:R 5 R, feJ =AJ + K, where A € R, and X is a stimulus
that assigns a constant value across all points at which J is nonzero. Clearly, foJ is another micro-
balanced random function (This follows easily from proposition 2.3.4). Thus, pointwise transforma-

tions fail to expose.J ’s motion.

Exposing J's motion to standard analysis. Perhaps the simplest way to extract J ’s motion is
to full-wave rectify the partial derivative of J taken with respect to time. The stages of this transfor-
mation are illustrated in Figs. 2b and 2¢. Fig, 2b shows 0J/0r. This function is itself microbalanced
(propositions 2.3.2 II. and 2.3.3a imply that any purely temporal LSI transformation of 2 microbal-
anced random sumulus 1s microbalanced). However, [/ /01] (Fig. 2c) has most of its energy at those
spauotemporal frequencies whose velocity is equal to the velocity of the traveling contrast-reversal
whose mouon we wish to detect. Thus we sec that, although J s motion cannot be exposed to stan-
dard analysis by a simple pomntwise transformation, a tempora! hnear filter followed by a pointwise
nonlincanty does suffice,

We tum now to the problem of supulating the gencral conditions that a random stimulus / must
satisfy so that fe/ will be microbalanced for any pointwise transformation fe. Call any random
sumulus / microbalanced under a given transformation T iff T(/') is microbalanced.

We state the following basic proposition (3.2) and its subsequent corollary (3.3) for continu-
ously distnbuted random stimuli. The corresponding result for discretely distnbuted random stimuli

is simpler and should be evident.

3.2, Necessary and sufficient conditions for a random stimulus te be microbalanced under all
pointwise transformations. Let ] be a random stimulus such that for any (x,y, 1), (&, y', /) € VA3

Ulx.y.t),11x, Y, 7)) has a continuous joint density. Then the following conditions are equivalent:

1 1 is microbalanced under all pointwise ransformations
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2, For all x,y,1,%,Y ¢ € Z, the joint density f of U x,y. {1 I, Y ,1')) and the joint
density g of U [x,y, 01,11,y , 1)) satisfy

f@.)+flq.p) = 8. 9)+8(q.p) 19
foranyp.,q € Rsuchthatp #Qandq #0.

Proof. Setx=J([x,y,1), A=IW,y ,7), y=1lx,y, ¢}, and v=I[¥,¥, ). Thus, (x,A) is distri-
buted in R? with density £ and (7, v) 15 distnbuted with density g.

(2. tmphies 1.): By definition of any powntwase transformation ke, we have h(0) =0. Thus we need
mtegrate only over values of x and A which are both nonzero in computing the expectation
E{h(x) 1(M)] In panicular, 1f Eq. (19) is satisfied for all p # 0 and ¢ #0, then ke[ is microbalanced

since

RR

ETh() h()) = %[jjh(p)h(q)f(p.q)dpdq + @01 G.p)dg dp]

%[uh@)h@)f@.q)dpdq + Mh(p)h(q)f(q-p)dpdq]
0

31RO K@ ¢ 0.0 +1 @.Pdp g
RR

3] [H0V @) 6001+ 5@.PVdp dg = EthcohL
(Note: the boundedness & finite integrability of e ensure that these expectations exist.)

(Not 2. implies not 1): On the other hand, suppose Eq. (19) fails for some
x,y,6,X,y, ¢ € Z, One way n which this might happen is if f (r,7) > g(r, r) for some nonzero
re R, In this case, there exists a neighborhood N of r, not including 0, such that

f(n,n)>g(m,n)forall m,n € N. Thus, for the function :R - R defined by

1ifneN,
h(n) = 0 othermise, @n

he 15 a pomntwise transformation (the funcuon k 1s bounded on R, fimitely integrable, and 4 (0) =0)

However, e/ 15 not mucrobalanced since

August 7, 1990
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E[h() B = }&f(m.n)dmtin > L[}Eg(m.n)dmdn = E(h) k). @

To recapitulate, if Condition 2 fails because there exists a nonzero r € R for which f (r,7) 2 g(r., 1),
then Condation 1 fails (I is not microbalanced under all pointwise transformations).

The only other way in which Condition 2 can fail is if f (r,7)=g(r,r) forallr #0 in R, but

for some p, ¢ € R, with neither p nor ¢ equal 10 0, £ (p, g)+ £ (9.P) > g(p.¢) + g (g, p). In this

case, we obtain disjoint neighborhoods M of p and N of ¢, neither including 0, such that

fn.m)+f(n,m)>g(m,n)+g(n.m) @)
forallm € M,n € N; consequently,
”f(m.n)i—f(n.m)dm dn > _Ug(m.n)+g(n,m)dmdn. (24)
194 MN

Moreover, since—by assumpuon~f (p,p)=g({p.p) and f(g.9)=g{(q,q), we can tailor the

neighborhoods A and N to make the differcnce

[M{f(m,m’)dmdm’ +Mf(n.n’)dn dn'] - [J“Ilg(m.m’)dm dm’ +££g(n.n’)dn dn’](ZS)

as small as we want. Consider, then, the function k:R - R defined by

1ifueMUN,
h) = 0 otherwise. @6

Agan, ke 15 a pointwise transformauon. However, ko] fails again to be microbalanced because, for
suitably tailored A and N,

Eh()RQ)) = }mf(u.v)du dv +££f(u.v)du dv +££f(u,v)+f(v,u)du dv

> ljg(u,v)dudv+££g(.z.v)dudv +L£g(u.v)+g(v.u)dudv = E[h@) h(v)). @
M

33. Corollary. Let I be a random stimulus such that for all (x,y.1),('.y ¢} € Z%, the parr
U{x,y,10,1{1x', ¥, () has a continuous joint density. Then I is microbalanced under all pointwise

transformations if the following condition holds for all x,y,1,X’,¥',¥ € Z. For f the joint density
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FUx. YLK .Y O D), ard g the joiz density of (ix, Y O LI Y 1] e2ker

fPp.9)=2(.q) foxdp.geR,p=0.9=0. @

or

fe.93=2(g.p) foxrdip.geR,p=x0.9+0 (r)]
Proof. If Eq. (28) holds for some (z, ¥, 0). (. Y. 1) € Z%, thea we slso kave

f@g.p)=glg.p) fxralp.geR,p=0.920, GO

and we obizin Eq. (19) by adding Eq. (28) 2»d Eg. (30). The same seasoning zpplies for Eq.

9. 1

A random stimulus microbalanced mndes 211 pointwise reasiommations, bot quite different from

J of example 3.1 is the following, suggested by J. Lappin (1989).

3.4. Stimulus K : Rotating random dot cylinder. Construct X by tzking the perallel projection of 2
set of points on (anfor inside) the surface of a cylinder rotzting 2round a verical axis. Let the contrast
values of the ponts be independent, ideatically distribuied random varizbles. As is well knowr, when
propesly constructed, K can display a very strong kinetic d=pth effect, with dots moving in one direc-
von seen as being 1n the front of the axis of rotation, and dots moving in the other direction seen as
being 1 the back (Ullman, 1979; Dosher, Landy, & Spesling, 1989). Nonesheless, X' is microbal-
anced under all pointwise trarsformanons: Al of X ’s systematic motion is horizoatal; thus, we can
drop reference 10 y, and note that for any x,1,x", £, the joint distribution of (K (x,¢), KX, 7)) is
sdentical to that of (X [x, ¢ ), K{x', 1]). Hence, by Corollary 3.3, Condition (3), K is microbalanced

under all pointwise transformations.

4. Texture quilts.

The rest of this paper 1s devoted to illustraung how the results of Section 3 can be applied 10

construct sumuli which display consistent apparsnt mouon that cannot be exposed to standard
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2x0Yysis by 2oy posly te=paeal tnsfonmison. Specelly, we shal deoonsezte severd motion-
Esplayiog s, colied rexere giles (Definision 4.1), thet 2 micotalanced o=der 211 potly te-
pocal easformesions,

FiG3

Asillesied n Bz 3, te ssoplest trasfonmasions thes seffice to expose the motion of textrre
quilis to stzadend 2salysis irvolve a porely sprial Tineer filker se folowed by arectifierre:
T(Q@) = re(s « Q)- (€3)]
Toe speza] fiker 5o will respond with vesying energy throezhout regicas of the viseal G214, depend-
ag oa whether or not the texnres to which it is tuned poputers those regions. However, the outpet of
2 lincar filier 10 2 textize is positive o negative depeading on the local phase of the textxe. The per-
pose of rectSeztion is to transform regions of high-variance s respense into regions of high average
value, thas insuring that the rectified ontput registess the presence or zbsence of textore, independent
of phase. The result T(Q) is a spatioteaiporal funcion whose value reflects the Jocal texture prefer-
ences of se in the viswal field as a furction of time (Bergen & Adelson, 1988; Ca=1li, 1985)2
The essential trick in 2l the quilt examples we consider is 1 paich together various brief
dispiays of state, random texture, t2king appropriate measures 1o easure that the resultant stimulus

satisfies the following definition.

4.1. Definition of a texture quilt. Let A  Z? be a set of points in space, and let 1.1y, ..., 7y be a
strictly mncreasing sequence of times, with T = (¢ § 1oS1 <1y). Call any random stimulus Q satis-
fying the following conditions a fexture quilt:

(i) Q assigns 0 1o 2l points outside A xT.

b Fr—T—t PRSP

JIn general, 2 spaual hinear Klier followed Ly a p 1 cxn have high order Vohera kemels,
depending on the onder of U Taylor senes of the p 1 Hi of we ke the recufier of siep (2) 10
beRect (x) = x% then this squared ousput of & spatial filier 15 8 second order spatial transformaton Standard moton
analysis 15 yet another second order tansformation  Thus, when we subjeat the squared filter cutput to sandand moaon
analynss, we are 37plying 8 fowsth order operator
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Fig. 3. Founer and nonFourier motion mechanisms. (a) Fourier motion mechanisms 2pply standard
motion-analysis directly to the luminance signal L. (b, ¢, d) NonFourier mechanisms apply standard
mouon analysis 10 a nonlinear transformaton of luminance. (b) A simple nonFourier mechanism applies a
signal uansformauon compnsed of a spatictemporal Iinear filier, followed by a pointwise nonlineasity. The
* s mdicate spatial and temporal convolution, respectively, and o indicates multiplication. The filtering
performed in (b) 1s roughly pomntwise 1n time (the temporal impulse response b2 approximates an impulse),
and the noalinearity applied 1s a full-wave rectifier. This system (with appropriately chosen spatial filier,
bl) will extract the motion of the texture quilts shown in Figs. 4b, 5d, 6¢, and 6d. It will not extract the
motion of simulus J, the traveling contrast-reversal of the random vertical bar pattern shown in Fig. 2a.
(c) A spatially pointwise (the spaual impulse response ¢l approximates an impulse), system with a flicker-
sensstive temporal filter and a full-wave rectifier. Because of the flicker sensitivity, this mechanism will
extract the motion of the traveling contrast-reversal of the random vertical bar pattem shown in Fig. 22 but
not the motion of the texture quilts shown in Figs. 4b, 5d, 6¢, and 6d. (d) The temporal filter d2 averages
the temporal filters b2 and c2, and the pointwise nonlinearity is a full-wave rectifier. With an appropriate
spaual filter d1, ths nonFouner system extracts the moton of any comresponding texture quilt as well as the
motson of the traveling contrast-reversal of the random vertical bar pattern shown in Fig. 2a. However, it
would be Iess well-suited to these tasks than the detectors shown in (b) and (c) whose temporal filters it
averages.
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@) For £ =0, 1, V-1, the readors valoes assigned by Q 1o points in A 2t time 4

remaia echenged votll time 4.

(B)indeperderze. Fori =0, 1., N-1, the rzndom substimoli 97, defined, for all points

afaspace and 21l times £, by

R Qlo, 1] 4%St<fy. QEA
Q) = {o otherwise G2

are jointly independent
@) Symmery. For any a,Pe A, 2nd any t €7, the joint distribution of
(Qic.11. @18, £)) is identicel 1o the joint distribution of (@ (B, 1), @ [oc. ¢]).
Terminology: Call A and T respectively Q°s spatial and temporal regions of acivity, and for
§=0,1,. ,N-1,call {t | 1; St <f;,;) the i® timeblock of Q.
The empirical usefulness of texture quilis derives from proposition 4.3 in conjunction with the
fact that it is easy to construct various sorts of texture quilts which display consistent apparent motion

across independent reaiizations. The proof of proposition 4.3 is eased by the following

42, Lemma, Let Q be a texture quils with spatial region of activity A, Tken for any o, B e A, the

pair of temporal functions (Q . Qp) is distributed identically to the reverse pair (Qp, Qo).

Proof. From Definition 4.1 (5) and (i), note that for temporal functions P and R, the density of the
Joint assignment (@4, Qg) = (P,R) is 0 unless cach of P and R is constant throughout cach ume-
block, and 0 outside 7. Thus, any P and R for which the joint assignment (Qq. Qp) = (P, R) has
nonzero density are completely determined by the values Pli)=p,, and R[,])=r,, for
i=0,1,..,N=1; For f; the joint density of (Q4l1,), @pl1,)), Definition 4.1 (iii) thus implies that the
density of the joint assignment (O, Qp) = (P, R)}is

N-1

g FACRA (33
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But by Definition 4.1 (iv), the quantity (33) is equal to

-1
'.l:lof i pd, (€D)
which is the density of the reverse occurrence that (@, Q) = (P,R). B

43. Texture quilts are microbalanced under purely temporal transformations.
1. Any texture quilt with a continuous joint density is microbalanced under all purely tem-

poral, continuous transformasions.

II. Any discretely distributed texiure quilt is microbalanced under all purely temporal

transformations.

Proof of 1. Let @ be a texture quilt with a continuous joint density, and let @ be an arbitrary purely
temporal, continuous transformation. We must prove that &(Q) is microbalanced. We can, of
course, accomphsh this by proving that ®(Q) is microbalanced under all pointwise transformations
(since, in particular, the identity transformation is pointwise). This turns out to be a convenient
approach.

Let o, B be points in space, and let £ and u be points in time. Because @ is bounded and con-
tinvous and @ has a contintous joint density, we know that the joint density f of
(@), 1], O(Q )P, u)) and the joint density g of (H{Q B, 11, D(Q)ex, #]) both exist and are con-
tinuous on R2, We shall show for any (p.r) € R? with neither p nor r equat to 0, that either
f@.r)=gl,r)orf(p,r)=g(r,p). The proposition will then follow from corollary 3.3,

Case 1: Atleast one of o or B is outside A. Suppose cxis outside A. Then by Definition 4.1 (i),
0e=0; hence Q) 1) = ®(Q)le, u) = 0. Consequently, f(p.r)=g(r,p)=0 whenever

p #0, Thus Eq. (29) holds vacuously, with

fe.ry=38¢.p)=0 for all p,r € R,p #0,7 20. (35)
Case 2: Both cxand B are inA. Let F be the joint density of (Q, Qp) and G the joint density

August 7, 1990




e e rn epens,

Chubb & Sperling: Texture Quilts 22

of (Qp. Qo). Bylemma 42, F = G. Clearly, then, for F o the joint density of (®(Q o), ©(Qp)) and
G the joint density of (D(Qg), D(Q,)), it follows that F¢ = G¢. For any p,r € R, recall that
£ (p,r) is the density of the co-occurrence that &(2)[e, ¢] = p, and O(Q)(B, u] = r, but this is
precisely the density of the event that (&{Q)f), D(@p)x)) = (p,r). This density, however, is
equal to the integral of Fg over all pairs of temporal functions (P,R) such that P[t)=p and
Rlu}=r. Similarly, g(p,r) is the density of the co-occumrence that &(Q)B, 1] = p, and
Q) 2] = r, but this is the density of the event that (®(Qp)lt], ®(QJHu)) = (p,7), which is
equal to the integral of G over all pairs of temporal functions (P,R) such that P{t]=p and
R{u)=r. However, as we have already noted, Fo = Go, implying that f = g. Apply corollary
3.3 to complete the proof. |

The proof of II is similar.

The rest of Section 4 is devoted to showing how to construct two kinds of simple texture quilts.
In Section 5, we apply these construction techniques n an experiment to investigate what sorts of tex-

tural characteristics are actually processed for motion infonnation by the visual system.

4.4. Binary texture quilts.

44.1. A general technique for constructing binary texture quilts. The simplest sorts of texture
quilts involve only two contrast values. Asin Definiton4.1,1etT = {t [} toS ¢ < ty} be the temporal
region of activity, with new timeblocks beginning at times f. 14, ..., fy.;. Let A be the spatial
regron of activity, Associate with timeblocks i = 0, 1,..., N-1 spatial functions f, (called timeblock
piciures), each of which is 0 everywhere outside A, and takes only the values 1 and -1 within A, In

addition, associate with timeblocks 0 through N-7 a family

Q0 01+« s SN (36)
of jointly independent random vanables, each of which takes the value 1 or -1 with equal probability
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Then, fori =0, 1,..,N-1,set

filx.¥Y i isin dmeblock i,
Bix.yl1=99 otherwise, @n

and construct the random stimulus
B = $Bg + ¢, By +.t Q.1 By (38)
Itis easy to see that B is a texture quilt. First, the functions B; are defined to satisfy Definition
4.1 (i) and (ii). The joint independence of the random variables ¢, ensures that B satisfies Definition
4.1 (ui). To see that Definition 4.1 (v) is satisfied, note that for any o,Be A, either (i)
B,[on4,)=B,(B, 1,] or (ii) B, {at, £,) =~B; (B, 1,]. Incase (i),

Blo,)=4,8,lc, 1) = 0.8, (B, )= B (B. 1), (39)
implying that the pawr (B (o, 1,3, B {B, 1,]) 1s distributed identically to the pair (BB, 1,), Ba, t,]) (each
pair with an equal probability of taking the value (1, 1) or (=1, -1)). In case (i)

Blo,4]=-B{B. 1}, (40)
and the parr (B[, 1,), BB, 1,)) is distnbuted identically to the pair (B{B, ,), B{w, 1,)), each with an
equal probability of assuming the value (1,~1) or (~1, 1). Thus Definition 4.1 (iv} is satisfied along

with 4.1 (i), (1) and (iis).

4.4.2. Stimulus: The sidestepping, randomly contrast-reversing, vertical edge. In Fig. 4b are
displayed the 9 timeblock pictures compnsing a particularly simple binary texture quilt. Note that the
vertical dimension of Fig. 4b combines time and vertical space, precisely as a strip of movie film,
scanned vertically, combines time & space. Timeblock pictures are separated by grey Lines. Fig. 4a
shows the timeblock pictures f o through £ used in the construcuor. f o assigns the value ~1 to all
pomts (x, y) of the horizontal rectangle comprising the spatial region of activity, A. f, assigns 1 1o
the points in the leftmost eighth of A, and ~1 to the points in the right seven eighths. The timeblock
pictures £ 5 through f 4 continue to shift the vertical edge rightward through A until, in picture 8, A 1s

uniformly 1. Muluplying each umeblock picture i = 1,2,.., 9 by its associated random variable ¢,
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yields, in this particular realization, the stimulus given in Fig. 4b.

FIG4

‘The construction of the side-stepping contrast-reversing edge (Fig. 4b) is symmetric to the con-
struction of the traveling contrast-reversal of a random black-or-white ventical bar pantern (J in Fig.
2a). Transposing the x and ¢ dimensions in Fig. 4b gives the xf-cross section of a random stimulus J
(¢.g., Fig. 2a). This stimulus exhibits an unusual symmetry between space and time. Whereas the
texture quilt of Fig. 4b is microbalanced under all purely temporal transformations, its transpose J
(Fig. 2b) is microbalanced under all purely spatial transformations, Extracting motion from J
requires temporal filtenng followed by a nonhinearity. This process 15 essentially different from the
process by which motion is extracted from texture quilts (e.g., Figs. 4b, 7a, 7b and 7¢) which requires

a spatial nonhnearity.

4.4.3. Stimulus: Oppositely oriented static squarewaves selected by a drifting grating. Figure 5d
shows the four imeblock pictures compnsing another binary texture quilt constructed using technque
44.1. In Fig. 5a is shown a probabilistically defined sinewave grating, a stimulus whose motion is
readily extracted by standard moton analysis. In Figs. Sb1 and 5b2 are shown static vertical and hor-
1zontal squarewave gratings. The stimulus of Fig. Sc is obtained by using Fig. 5a to select between
the vertical and horizontal gratings of Figs. Sbl and 5b2. If the function of Fig. 5a is 1 at a certain
point in space-time, the comesponding point in Fig. 5S¢ is assighed the value of the corresponding
potnt in Fig. 5b1; otherwise the point in Fig. Sc 1s assigned the value of the corresponding point in
Fig. 5b2. Although Figs. Sc and 5d look similar, they differ in an impornant respect: the stimulus of
Fig. 5d is microbalanced under alf purely temporal transformations, while that of Fig. 5¢ is not micro-
balanced Tt is possible to design Fourier mechanisms to detect the motion of Fig. Sc, but not that of
Fig. 53. The cntical differerice is that the timeblock pictures of Fig. 5d are jontly independent, while

those of Fig. S5c are not: Fig. 5d is obtained by randomly reversing the contrasts of the tmeblock pic-
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Fig. 4. Edge-driven motion from an ordinary edge and from a binary texture quilt, (a) A rightward moving
light-dark edge visible to Fourier and nonFouner motion systems. Nine entire frames are shown; each
frame consists of 2n arca of contrast +1 and arca of contrast -1. (b) A reatizanon of the sidestepping, ran-
domly contrast-reversing vertical edge. This random stimulus is a texture quilt and hence microbalanced
under all purely temporal transformauons: that is, its rightward motion would be inaccessible to standard
motion analysis even if this analysis were preceded by an arbitrary, purely temporal transformation, Each
frame of (b) was derived from the corresponding frame of (3) by multiplying the entire frame by a random
variable that takes the value 1 or =1 with equal probability. The frame random variables are jointly
wdependent. A straightforward way to extract the motion of this texture quilt is to (i) apply a linear filter
““i‘“}" 10 vertical edges, (ii) recufy the filtered output, and (i) submit the result to standard moton
analysis.
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wres of Fig. 5¢c.

FIG5

4.5. Sinusoidal texture quilts.
It is not difficult to ¢laborate technique 4.4.1 1 a method for constructing quilts involving tex-
~tures of, arbitrarily many;contrast values. We illustrate the principle in' the construction of quilts

comprised of patches of sinusoidal grating,

4.5.1. A general technique for,constructing sinusoidal texture quilts. As in Definition 4.1, let
T={t§ 1,5t <ty) be the tsmporal region of activity, with new timeblocks beginning at umes
1oo s+ s Iyag. Let A be the spatial region of activity. Associate with timeblocks i =0, 1,..., N-1,
spatial functions W;, cach of which is 0 everywhere outside A, and takes only the values 1 and -1
within A. The sumulus in each tme block will be composed of two components characterized by
spatial frequencics (w,,0,) and (@,, 8,), respectively, and mdependent phases P, P., Tespectively.
Let

Wy, 9. (;)o, .éo. [N 9,. (3,. -él' ees Wyan ON-h (I)N-l- éN-l @n
be integers. Let P be annteger, and let

Po 50- P 51- cees PNeb BN-x @2
be jointly independent random variables, each uniformly distributed on the set {0, 1,..., P-1). Then,
define the stimulus § as the sum of N component stimuli §; defined in each timeblock:

Nl
S$=38, 43)
i=0

where, for i =0, 1,.., N~1, §; is zero everywhere outside timeblock i; and for all ¢ in timeblock i,
cos(2r(w, x +9,y - p,)P) if W [x,y)=1,

5,06y, 1) = £,lx,3) = { cos@r(@, x +8, y -, )P} if W,[x,y)=-1, ©“4)
0 otherwise.
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Fig. 5. Orientation-driven nonFouner motion from a binary texture quilt. (a) A probabihstically defined
sinewave grating that steps nghtward 90 degrees between frames. The rightward motion in (a) is accessi-
ble to alf mouon detectors. (bl) Four frames of a stalic, vertical squarewave grating, (b2) Four frames of a
static honizontal squarewave grating. (¢) A nghtward translating texture pattemn. For every white point in
(a), the comresponding value 1n (¢) is chosen from the vertical square-wave gratng in (b1); for every black
point 1n (a), the corresponding value in (c) is chosen from the horizontal square-wave grating in (2). (c) is
not microbalanced; standard motion-analyzers can be designed to detect its motion (d) A texture qult

The frames of (d) are denved by muluplying the corresponding frames of (¢) by jointly independent ran

dom vanables, each of which takes the value 1 or -1 with equal probability. The texture quilt (d) is micro-
balanced under all purely temporal transformations, and therefore its rightward motion is unavailable 1o
any mechamism that applies standard motion analysis to a purely temporal transformation of the visual sig

nal,




Chubb & Sperling: Texture Quilts 26

It is easy to check that S satisfies Definition 4.1 (i) and (u). The joint independence of the ran-
dom phase variables p;, 5.-. fori =0, 1,..., N~1 entails Definition 4.1 (ui).

It remains to check that § satisfies Definition 4.1 (). Consider points o, Be A. If
W, {c) # W; [B], then, as is easily checked, §{o, #;} and S[B, 1,] are independent and identically distri-
buted (each assuming a value from among {cos2np/P){l p =0, 1,..., =1} with equal probability).
On the other hand, 1if W;(aj=W;(B), then the pair (S (o1, £}, S1B, 1)) is distributed identically to the
pair (S B, 4,1, S{ow, ;1) as a consequence of the following
Lemma. Let P & Z, and let o= (¢, &), B= (B, B,) and 0= (o, w,) all be elements of Z2. Then
for any integer p € {0,1,..,P=1}, there exists an integer q € (0, 1,..., P=1) such that (writing « for
dot product)

cos(2n(we0=p)/P) = cos(2n(w+p - q)/P) 45)
and

cos(2r{w+B = p)/P) = cos(2r({w-a - q)/P). (46)

Proof. As the reader may check, this is true for ¢ = (@-ot+ @+ - p) modulo P. N
Thus, for o, B such that W,{c) =W, {B], we observe that for any outcome p, = p, there exists an

equally likely outcome p, = ¢, such that

[cos(2n(w, s~ p)P), cos(2r(e, «p-p)/P )] = [cos(2n(o), +f - g)IP), cos(2nlew, s~ g )P )§47)

We nfer that the pawr (S {a, 1,), S (B, 1,)) is distributed identically to the pair (S[B. +,), S [0, 1,)).

452, Stimulus: Oppositely oriented static sinusoids selected by a drifting grating. The
sipusoidal analog to the binary texture quilt of Fig. 5d 15 shown in Fig. 6b. In Fig. 6a are shown the
functions Wy, W, Wy, and W, used to select between honizontal and vertical gratngs. For this quilt,
®, = 6,=0, fori =1,2,3,4; and for some integer F (with F/P the number of cycles per pixel),
o, =8, =F. The texture quilt of Fig. 6b modulates textural orientatton across space and time. Alter-

nauvely, we can just as casily keep onentauon constant and vary spatial frequency.
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FIG6

4.53. Stimulus: Static sinusoids of different spatial frequencies, selected by a drifting grating.
Figure 6c shows a texture quilt using the sampling functions of Fig. 6a, but setting

o, =0; =20; =28, fori =1,2,.,4.

5. What aspects of texture does the visual system process for motion?

In this section, we describe a psychophysical expenrent investigating the question of what
charactenstcs of spatial texture are analyzed for motion information by the visual system. Three tex-
ture quilts are compared across four different viewing condinons. These conditions compnise a

sequence of similar, but increasingly challenging motion discrimination tasks.

S.1. Procedure. Every texture quiit used in this expeniment is compnsed of a sequence of jomntly
independent timeblocks, each lasting 1/30 sec. (Each timeblock consists of two identical refreshes at
1/60 sec.) Each texture quilt is stochasucally penodic with a period of 8 umeblocks: that s, for any
integer i , the i* umeblock 1s identically distributed to the i + 8% timeblock. Accordingly, we refer to
cight umeblocks of the texture quilt as one cyzle. The motion chicited by each quilt 15 carried by a
squarewave that selects between two textures, and steps 1/4 cycle on every odd timeblock The

squarewave thus completes one of its four-step cycles 1n each 8 umeblock cycle of the quilt,

On each tnal, a texture quilt moving randomly left or nght is presented, and the subject is
required to signal (with a button-press) which way the quilt appeared to move, The subject 15 asked
to maintamn fixation on a small spot present in the middle of the stimulus throughout the display, and
receives feedback after each tnal. For each quilt under each viewing condition, the subject performs
100 practice trials followed directly by 100 actual tnals Quilt realizations are jointly independent

across tnals. The starting phase of the quiltis chosen randomly on each trial.

The four viewing conditions For a given quilt, the four viewing condiuons differ with respect
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Fig 6 Sinusoidal texture quilts: Motion dnven by differences in orientation and 1n spanal frequency. (b)
and (c) show realizations of random stimuli, each of which 1s microbalanced under all purely temporal
ransformations. Their rightward motion cannot be detected by any mechanism that apphes standard
motion analysis to a purely temporal transformation of the signal. In each case, the 4 frames i (a) select
between two sinusoidal pattemns. The phases of sinusoids are jointly independent across frames and across
different-frequency stnusoidal components patched together in the same frame. The sinusotds mixed n (b)
differ in onientation, whereas the sinusords mixed in (c) have the same ortentatton, but differ in spaual fre-
quency.

[ d
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10 the nzmber of gailt cycles displayed. In CondEsion 1, the eaciesy condiitn, the subject sees two
quilt cycles (cach cycle comprised of eight stemates Exmeblocks), with each tinebiock Esployed for
1/30 sec. In Coxditions 2, 3, 254 4, the sohiect sees 1.5, 1,233 .5 gl eycdes, respectively.

5.1.1. Three quilt stimuli, The £rst quilt (the F-quih) modebies textesa] spasial fregoerey 22 2
feaction of space and time, whils keeping aricatarion consiant. The eight timeblocks comprising ooe
fell cycle of the F-guilt are shown tn Fig. 72. A second guilt (the O-quilt, Fig. 7b) modoteses texn=zl
orisentation as a fenction of spece 2nd time, while keeping spatiz! fregnency constanr A third goilt
(the Equilt, Fig. 7c) spetioiemporzly modnlazes textrre between Jomtly indepesdent binasy moise
and the so-calles “even™ texture (Julesz, Gitbent & Victor, 1978).

All stimuli were viswed from 1 m agzinst 2 mean Juminant backgroead. At this distaace, each
quilt spanned 6.8 horizontal and 3.2 vertical degrees, 2nd the modulzting square wave moved 21 2a

average velocity of 12.75 degfsec.

FIG7

5.1.2. Why these three quilts. In cach of the three quilts, a squarewave with vertical bars is used to
modulale between two textures as a function of space and time. The squarewave has a spata! fre-
quency of.3 c/deg., and steps 14 cycle rightward on every odd timeblock (temporal frequency
3.75 Hz, velocity 12.75 deg/sec). We use a Yé-cycle stepping squarewave to modulate between the
two textures comprising each quilt in order to rule out the possibility that the motion elicited by the
quilt is beng carried by the border between textural regions. That is, the 1M4-cycle stepping
squarewave has the advantage that the signal derived from the borders between texture regions is
ambiguous in motion content, Given the requirement of 1/4 cycle steps, we changed the particular
instantiation of the quilt on even timeblocks (i ¢., within steps of the squarewave) in order to spread
textural energy broadly in temporal frequency without altenng the spatial frequency content of the

exture,

August 7, 1990

—.




=1
-

~

N

W

w

r frane s ANVZAN

I

&
-

W
w

*
-}

~
-3

l

il A

-]

Fig. 7. Three quilts used 10 study motion carried by modulation of texture spatial frequency , by lexture
onentaon, and by higher onder textural characteristics. (2) Eight frames that comprise one cycle of the F-
quil. Mouon is generated by by a squarcwave modulation of texwral spatial frequency. Tne squarewave
graling sclects between vertical sinusoidal gratings of spatial frequency 12 c/deg and 24 c/deg. The
texture-modulating squarewave is 0.3 c/deg. and steps 1/4 cycle rightward on every odd frame. Every even
frame is independznt of and distributed identically to the preceding frame. Presentation proceeds al the
rate of 30 frames/sec. This gives the texture-modulating squarewave 2 temporal frequency of 3.75 Hz and
2 mean velocity of 25 degfsec.

(b) Exght frames that comprise oncs cy<le of the O-quil. In the O-quilt, textural orientation is modulated
by the same squarewave used to modulated spaual frequency in the F-quill. The O-quilt squarewave
selects between oppositely onented sinusoidal gratings that have a spatial frequency of 2.8 ¢/deg.

(c) Eight frames that compnse once cycle of the E-quilt. In the E-quilt, the texture-modulating squarewave
selects between jomntly independent binasy nosse and an "even” texture (Julesz, Gilbert & Victor, 1978)
Despite the evident difference between these two t2xtuses, every ume-independent hinear filter has the
same expected power for both textures  Thus, 1f motion-from-texture fesulted from applying a simple
squanng transformation to the output of a spatal lincar filier and submittng the sesult 1o standard mouon
analysis, the moton of the E-quilt would be invisible.

-
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11 ks beea previoesly obsenved (Waison & Abomeda, 19332 Remachendren, Ginsbarg &

Ansts, 1933; Green, 1986) that motion is cartied more effectively by spatistempoce] verizsica of 1ox-
tzzal spasial freuency than by veriztion of texteral osieni2tion. The F-quilt 2nd O-guilt were chosen
0 frsiher investigate this clzin. The E-quilt is of interest becanse the two texteres of which it is com-
posed (jozadly independent binary noise and the evea textrse) have identical second oeder statistics.
That s, the joiat distribotion of any givea peir of poinis in space is the same vader both e com-
poaent textuwes of the E-quilt. This means that, despite the obvious difference in appearance between
the component textures, the expected energy in the respoase of any given spatial linear filter is the
same for both component textures. If the pointwise noalinearity applied to the output of the spatial
Lincar filter prior 1o motion analysis were simple squaring, it world be impossible to detect the motion
of the E-quilL

Victor and Conte (1990) studied apparent motion elicited by E~quilts, and noted that it is much
weaker than motion elicited by comparable stimuli (also texture quilts) that modulate between tex-

wres differing in spatial frequency. Our experiment confirms this finding.

5.2. Results Two subjects pamicipated in the study, CC (the experimenter) and GA (maive). The
results for CC are shown in Fig. 8 band those for GA are shown in Fig. §& Note first that both sub-
yects were able o rehably discnminate lefy/right motion in all three stimuli although subject GA failed
with the E-quilt at the briefest exposure. The two subjects performed comparably well at motion
direction discnmination of the O-quult, but CC was much better than GA at detecting the motion of
both the F-quilt and the E-quilt. Subject CC was better at detecting the motion of the F-quilt than the
O-quilt; the reverse was true of subject GA.

It 15 possible that these performance differences reflect a genuine differences in the perceptual
apparatus of the two subjects. However, we cannot rule out the possibility that the better performance

of subject CC 15 due merely 10 his vastly greater expenence with mouion perception tasks of this sort.
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53. Discussion. Many of the models proposed to explain rapid, preattentive segregation of spatial
textuses (Caslli, 1985; Beck, Sutier & Isty, 1987; Sutter, Beck & Graham, 1989; Bergen & Adelson,
1988; Mabik & Perona, 1989) can easily be adzpted 1o deal with the motion displayed by texture
quilts. The texture segregation models in this class typically subject the visual inpat function to 2
linear transformation (a "texture grabber™) followed by a pointwise nonlinearity (such as a rectifier or
thresholder) to indicate the presence or absence of the texmre, Suchmodckpxopo;cdmmocm-
tiguous textural regions would generate a percepuual boundary if the visual system were equipped
with a linear filter that is differentially tsned to one of the textures.

An analogous mechanism to detect the motion of texture quilts, suggested by the cumreni experi-
ment and the work of Victor and Conte (1990), () convolves the input stimulus with a spatial
texture-grabbing filter tuned 1o the moving texture, then (i) squares the output of the filter, to
transform regions of high-energy filier output into regions of high average value, and (jii) subjects the
rectified output to standard motion analysis. However, the transformation applied in steps (i) and (is)
does not distinguish between the two textures comprising the E-quilt, and therefore fails to account
for the good performance with the E-quilt. A simple modification to deal with texture segregation
and mouon percepuon of the E-quilt is to assume some other post-filter rectification operation than
the squaring operaticn, It is quite easy to choose a linear filter in combination with a post-filier
rectifier (other than the squaring operation) that will segregate the random and even textures (¢.g.,
Juiesz & Bergen, 1983). The current experiment does not specifically indicate the kind of
rectification that might be involved.

What sorts of filters are available to the visual system to compute motion from texture? For
example, Daugman (1985) points out that (i) Gabor filters provide an optimal trade-off between reso-
Iution m the space and spatial frequency domains, and (1) many investigators note that simple cells in
cat striate cortex are well-modeled by oriented Gabor filters (¢.g., Wilson & Sherman, 1976;
DeValois, DeValois & Yund, 1979; Andrews & Pollen, 1979). Are the linear filters that serve

motion-from-texture computations Gabor-like corucal simple cells? The theory reported here
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provides a tool, and the demoastration experiments illustrate how it might be used 1o answer such

questions.

6. Summary.

‘The main contributions of this paper are (i) to introduce the notion of a random stimulus micro-
balanced under all pointwise transformations, (ii) to provide necessary and sufficient conditions for a
random stimulus to be of this sort, (iii) to use this result to construct apparent motion stimuli called
texture quilts that are microbalanced under all purely temporal transformations, and (iv) to show that
subjects can reliably discriminate the motion direction of three kinds of texture quilts.

Texture quilts provide a flexible array of tools for studying motion perception that is truly medi-
ated by spatiotemporal modulation of spatial texture without contamination by mechanisms respon-
sive to the motion extracted directly by standard analysis or motion extracted by standard analysis of

any purely temporal transformation of the stimulus.
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Figure legends

Fig. 1. The Reichardt detector. Let7 be a random stimulus. Then, in response to 7, for § = 1,2, the box

containing the spatial function f; :Z? 5 R, outputs the temporal function, Y, f;lx,y)/[x,y,t); eachof
a0z

the boxes marked g;+ outputs the convolution of its input with the teraporal function g,:Z -y R; each of
the boxes marked with a multiplication sign outputs the product of its inputs; the box marked with a minus
sign outputs its left input minus its right; and the box containing A+ outputs the convolution of its input
with the temporal function h:Z — R. To see how the Reichardt detector senses motion, suppose f ; is
identical to f, but shified in space by some offset, and suppose the filters g+ do not alier theit input,
while the filters g,« simply delay their input by some amount §, of time. Then a rigidly translating pattern
moving in the direction of box f,'s offset from box £ will elicit some time-varying response from box f 5,
and the same response a short ime later from box f 5. If that "short time later” 1s precisely §,, the output of
the nghthand multipher will be positive as long as the pattern keeps dnfung. Thus will result in a net nega-
tive Reichardt detector output. If the pattern drift is in the opposite direction, the detector response will be

positive.

Fig. 2. Exposing the motion of the traveling contrast-reversal of the random black-or-white vertical bar
pattern J to standard motion-analysis. (a) An xt cross-section of J. (b) An xt cross-section of the partial
denvauve of J with respsct o ume. {(¢) An x cross-section of |8/ /0¢]. Each of J and 8J /91 1s microbal-
anced However, [0J/¢] 1s not, In particular, |07 /9¢| has most of its energy at those frequencies whose

velocity is equal to the velocity of the traveling contrast-reversal,

Fig. 3. Fourier and nonFourier mouon mechanisms. (a) Founer motion mechanisms apply standard
motion-analysis directly 10 the luminance signal L. (b, ¢, d) NonFouner mechanisms apply standard
motion analysis to a nonlinear transformaton of lummance. (b) A simple nonFourier mechanism applies a
signal transformation comprnised of a spatiotemporal hinear filter, followed by a pointwise nonhineanty. The

* °s indicate spaual and temporal convolution, respectively, and e indicates muluplication. The filtenng
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performed in (b) is roughly pointwise in ime (the temporal impulse response b2 approximates an impulse),
and the nonlinearity applied is a full-wave rectifier. This system (with appropriately chosen spatial filter,
bl) will extract the motion of the texture quilts shown in Figs. 4b, 54, 6¢, and 6d. It will not extract the
motion of stimulus J, the traveling contrast-reversal of the random vertical bar pattemn shown in Fig. 2a.
(c) A spatally pointwise (the spatial impulse rc_sponse cl approximates an impulse), system with a flicker-
sensiuve temporal filter and a full-wave rectifier. Because of the flicker sensitivity, this mechanism will
extract the motion of the traveling contrast-reversal of the random vertical bar pattern shown in Fig. 2a but
not the motion of the texture quilts shown in Figs. 4b, 5d, 6¢, and 6d. (d) The temporal filter d2 averages
the temporal filters b2 and ¢2, and the powntwise nonlinearity is a full-wave rectifier. With an appropriate
spaual filter d1, ths nonFouner system extracts the motion of any corresponding texture quilt as well as the
motion of the traveling contrast-reversal of the random vertical bar patten shown in Fig. 2a. However, it
would be less well-suited o these tasks than the detectors shown in (b) and (c) whose temporal filters it

averages.

Fig. 4. Edge-dniven motion from an ordinary edge and from a binary texture quilt. () A nghtward moving
hight-dark edge visible to Founer and nonFourier motion systems. Nine entire frames are shown, cach
frame consisis of an area of contrast +1 and area of contrast -1. (b) A realization of the sidestepping, ran-
domly contrast-reversing vertical edge. This random stimulus is a texture quilt and hence microbalanced
under all purely temporal transformatons. that is, its nghtward mouon would be inaccessible to standard
motion analysis even if this analysts were preceded by an arbitrary, purely temporal transformation. Each
frame of (b) was denived from the corresponding frame of (a) by multiplying the entire frame by a random
vanable that takes the value 1 or -1 with equal probability. The frame random vanables are jointly
independent. A straightforward way W extract the mouon of this texture quilt 1s to (1) apply a hnea filter
sensitive to verucal edges, (i) recufy the filtered output, and (iii) submut the result to standard motion

analysis,
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Fig. 5. Orientation-driven nonFourier motion from a binary texture quilt. (2) A probabilistically defined
sinewave grating that steps nightward 90 degrees between frames. The rightward motion in (3) is accessi-
ble 10 all motion detectors. (b1) Four frames of a static, vertical squarewave grating; (b2) Four frames of a
static horizontal squarewave grating. (¢) A rightward translating texture pattern. For every white point in
(a), the comresponding value in (c) is chosen from the vertical square-wave grating in (b1); for every black
pomt in (a), the corresponding value in (c) is chosen from the horizontal square-wave grating in (b2). (c) 1
not microbalanced; standard motion-analyzers can be designed to detect its motion. (d) A texture quilt.
The frames of (d) are denved by multiplying the corresponding frames of (c) by jontly independent ran-
dom variables, each of which takes the value 1 or -1 with equal probability. The texture quilt (d) is micro-
balanced under all purely temporal transformauons, and therefore its nghtward motion is unavailable to
any mechamsm that apphies standard mouon analysis 1o a purely temporal transformatien of the visual sig-

nal.

Fig. 6. Sinusordal texture quilts. Mouon dnven by differences in orsentation and in spatial frequency {b)
and () show realizations of random sumuli, each of which 15 microbalanced under all purely temporal
transformations.  Their nghtward motion cannot be detected by any mechamsm that applies standard
motion analysts to a purely temporal transformauon of the signal. In each case, the 4 frames in (a) select
k.tween two sinusordal pattems. The phases of simusoids are jowntly independent across frames and across
different-frequency sinusotdal components patched together in the same frame. The sinusords mixed in (b)
4:ff=r 1n onentation, whereas the sinusoids mixed 1 (c) have the same onentation, but differ in spatial fre-

quency.

Fig. 7. Three quilts used to study mouon camied by modulation of texture spatial frequency, by texture
onenwton, and by higher order textural charactenstics. (a) Eight frames that compnse one cycle of the F-
quilt. Motion 15 generated by by a squarewave modulation of textural spaual frequency. The squarewave
graung selects between vertieal smusoidal gratings of spaual frequency 1.2 c/deg and 2.4 c/deg The

texture-modulauing squarewave 1s 0.3 /deg, and steps 1/4 cycle nghtward on every odd frame. Every even
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rate of 30 frames/sec. This gives thEEXdre mddulating squirewsv€ 2 Rmporal frequency of 3.75 Hz and

a amean velocity of 25 deg/sec.

(b) Eight frames that comprise once cycle of the O-quilt. In the O-quilt, textural orientation is modulated
by the same squarewave used o modulated spatial frequency in the F-quilt. The O-quilt squarewave

selects between oppositely oriented sinusoidal gratings that have a spatal frequency of 2.8 ¢/deg.

() Esght frames that compnise once cycle of the E-quilt. In the E-quilt, the texture-modulatng squarewave
selects between jontly independent binary noise and an "even™ texture (Julesz, Gilbert & Victor, 1978)
Despite the evident difference between these two textures, every ume-independent linear filter has the
same expected power for both textures. Thus, if motion-from-texture resulted from applying a simple
squanng transformation to the output of a spatial linear filter and submitting the result to standard motion

analysis, the motion of the E-quilt would be invisible.

Fig. 8. The percent of correct directson-of-motion judgments to the F-quilt, the O-quilt, and the E-quilt as
a funcuon of sumulus durauon. The panels show data for subjects CC and GA, respectively, Each data
point 1s the mean of 100 judgments. (Squares) F-quilt; (tnangles) O-quilt; (circles) E-quult. The stimulus
durations of 133, 266, 400, and 533 ms, comespond to sumulus presentations of 0.5, 1, 1.5 and 2 quilt

cycles.
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TEXTURE-DEFINED MOTION IS RULED BY AN ACTIVITY MZTRIC -

NOT BY SIMILARITY
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We exzrined motion czmied by textenal properties The stimeli we
used oonsisted of paiches of sinusoidal grating of vanous spariz!
frequencizs and contrasts. Phases were rdomized 10 instze that motion

i Vees Treerss

neck: seasitive to P € were noi
systematically engaged.

We wsed an ambizoous it motion peradigm in which a
“heterogensous” motion path (defincd by aliemating patches of 2 nype A
and 2 type B texnre) competes with 3 “h " motion path defined

by paiches of type A We fornd that the steogth of these (2nd order)
moson stimeli 15 deermined by the covariance of the acmin of the
textwres that debine the moSion paths  The activity of 2 texture is an
hypothesized propenty that is proportional 1o the wexture’s conzast 20d is
foznd 10 be inversely proportional 2o its spatial frequzncy (within the range
of spzatial frequenciss ined) Indecd, heteroge moaon between
equa! conzast patches of a high spatial-frequency texture A and a low-
spatial frequency texture B can easily dominaiz homogenzous motion
between two patches of A because the activity of textere B is higher than

thatof zxtme A
At temporal frequenciss bigher than 4 Hz, we find thar activity
covariance almost exclusively determines modon stength At fower
) f; i ilarity between textures becomes a significant

factor as well.
Sipporad by AFOSR Life Sccnces Vina) Informaton Procassng Program, Gras, 850143

Arch- Y




Joshua A. Solomon and George Sperling. Can We See 2nd-Order Motion
and Texture in the Periphery? Investigative Opthalmology and Visual Sci-
ence, 1991, 32, No. 4, ARVO Supplement, 714

CAN WE SEE 2rd-ORDER MOTION AND TEXTURE IN THE PERIPHERY ?
Joskus A Solormon and Geoege Speriing,
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Srrads, Our Ist-osder stimel 2re movirg sine gratags Owr 2ad-order stmelt
are paiches of sutic viseal noise, whose conzasts are modulated by moviag sine
grauags. Neither the s7atal odientation nor the direction of moton of tese 2nd-
crder (Enft-balanced) simuls can be detected by analysis of theis Fousier domaia
power specra. They ae iavisible to Reichardt aad monon-energy detectors.

Yetkod. For these dynamic simuli, in the fovea, and at 12 deg eccenticity, we
measwred conrast modalation thesholds as a function of spasal frequency for
discnmination of 245 deg textwre shant and for discriminaton of dicton of
modon. Spabal frequency was vasied by changing viewing distance.

Results. For sufficiendy low spanal frequencics and suffaiently lasge contast
modulations, all sumuls are visible both foveally and peripherally For penpheraily
viewed Ist-order graungs, the highest spaual frequency at which motion or texiure
disenminauon is possble is about 14 that at whioh the comesponding
discriminazon is possible for foveally viewed gratings  Foe penpherally viewed
2nd-ocder gratings, the highest spatial frequencies a1 which motion or texture
dxscn'mnauon :rc pomb!c are somewhat Jess thaa 1/4 the frequencics of the
Thus, 25 the stimulus moves peripherally,
|bc vigual mechms:m that detect 2nd order motion and texture lose seasitvaty
somewhat fasier than the 1st-order mechamsms.

Conclusiors  Under cenain S;)CClﬁC assumpuions, our _fesults suggest the
following about the neural detectors involved in these d: (1) For both
monon and texture, there are more foveal than peripheral detectors at all spanal
frequencies. (2) There e more Ist-order than 2nd-order detectors (3) On the
aerage, foveal detectors respond 1o higher sp:m:.l fmqunclcs xhan pcnphml
detectors  (8) The 2nd-order foveal-penpheral spatal fi Yy 18

somewhat larger than the Ist-order difference.
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Abstract—To detzrmune which spatial frequencies are most effective for ktter identification, and whether
ths is because keiters 2re objectively more d inable in these frequency bands or because can uthize
¢ inforreation more effiently, we studied the 26 upper-case lettess of English Six two-octae wade filters
were used 1o produce spatsally filtered letters with 2D-mean frequencies sanging from 64 to 20 cycles per
Jetter hesght Subjects attempted 10 identify filtered letters n the presence of idenucally filtesed, added
Gaussian noise The percent of correct Jetter identificanons vs s/m (the root-mean-squa®  atio of signal
10 noise power) was determunced for each band at four viewang distances ranging over 32 1 Obgect spauial
frequency band and s/n determune presence of information i the sumules viewing distance determunes
reunal spatial frequency, and aflects only abilinn 10 unlize Viewing distance had no effect upon letter
discnrunabihity objeet spatsal frequency not retinal spatial frequency ¢ d & bty To
determune discnrnation efficiency we pared human ¢ to anideal diss For our
two-octave wide bands. s n pesformance of humans and of 1he 1deal detector tmproned with freguecy
mainly becavse hinear bandwidth increased as 2 function of frequency Relatne to the ideal detostor,
human efficiency was 01n the Jowest frequency bands reached a maumum of 032 a1 1 S cvcles per object
and dropped to about 0104 1n the highest band Thus, our subjects best extract upper-case letter
information from spatial frequencies of 15 cycles per object haight and they can eatract 1t with ¢qual
efficiency over a 32 1 range of retinal frequencies from 0073 10 more than 2 3cycles pes degree of visual
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INTRODLCTION

Characterizing objects

When we view objects, what range of spatial
frequencies 15 cntical for recogmition, and how
15 our visual system adapted to percenve these
frequencies” Ginsburg (1978, 1980) was among
the first to imvestigate this problem by means of
spatial bandpass fillered 1mages of faces and
lowpass filtered images of lettess He noted the
lowest frequency band for faces and the cutoff
frequency for letters at which the images seemed
to him 1o be clearl, recogmzable The cutoff
frequency for letters was 1-2 cycles per letter
width, faces were best recogmzed n a band
centered at 4 cycles per face width, He also
proposed that the perception of geometric visual
illusions, such as the Mueller-Lyer and Poggen-
dorf, was mediated by low spatial frequencies
(Ginsberg. 1971, 1978, Ginsberg & Evans,
1979)

*To whom repnnt requests should be addrewwed

An 1ssue that 15 related to the lowest fre-
quency band that suffices for recogmtion ts the
encoding economy of a band For a filter with
a b. *dwidth that 1s proporuional to frequency
(e g a two-octave-wide filter), the lower the
frequency, the smaller the number of frequency
components needed 1o encode the filtered image
of a constant object Combining these two
notions, Ginsburg concluded that objects were
best, or most efficiently, charactenzed by the
low.est band of spatial frequencies that sufficed
to discniminate them Ginsburg (1980) went on
to suggest that higher spaual frequencies were
redundant for certain tashs, such as face or
letter recogmtion

Several investigators were quick to point out
that objects can be well discriminated 1n vanious
spaual frequency bands Fiorenuni, Maffer and
Sandini (1¢ ) observed that faces were well
recogmized in either high or in lowpass filtered
bands Norman and Erlich (1987) observed that
high spattal frequencies were essenuial for dis-
crimination between 10y tanks 1n photographs

1399
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With respect to geometric illusions, both Janez
(1984) and Carlson, Moclles and Anderson
(1984) obsenned ihat the geometric illusions
could be perceived for images that had been
highpass filtered so that they contained no
low spatial frequencies. This suggests that Iow
and high spatial frequency bands may camry
equivalently useful information for higher visual
processes.

Characterizing the visual system

In the studies cited above, the discussion of
spatial filtering focuses on object spatial fre-
quencies, that is, frequencies that are defined in
terms of some dimension of the object they
describe (cycles per object). Most psychophysi-
cal research with spatial frequency bands has
focused on retinal spatial frequencies, that is,
frequencies defined in terms of retinal coordi-
nates. For example. the spatial contrast sensi-
tnity function (Davidson, 1968, Campbell &
Robson. 1968) describes the threshold sensi-
uvity of the visual system 1o sine wave gratings
as a function of their reninal spanal frequency
Visual system sensitivity 1s greatest at 3-10
cxcles per degree of visual angle (c/deg) How
does visual system sensitiaty relate to object
spatial frequencies?

Unconfounding  reunal  and  object  spanal
Jfrequencies

Retinal spaual frequency and object spaual
frequency can be vaned independently to deter-
mine whether certain object frequencics are best
perceived at parucular retinal frequencies Ob-
ject frequency 1s mampulated by varying the
frequency band of bandpass filtered images,
reunal frequency 1s mantpulated by varying the
viewing distance

The cutoff object spauial frequency of lowpass
filters and the observer's viewing distance were
vaned independently by Legge, Pelli, Rubin and
Schleshe (1985) who studied reading rate of
filiered text at wviewing distances over 2 133 }
range Over about a 6 1 middle range of dis-
tances, reading rate was perfectly constant, and
it was approximately constant over a 30 1
range At the longest viewing distances, there
was a sharp performance decrease (as the
letters became mdiscnminably small) At the
shortest viewing distance. performance de-
creased shightly, perhaps due 10 large eye move-
ments that the subjects would have to eaccute
to bring relevant maienial towards theus lines of

sight, and to the impossibilty of peripherally
previewing new text.

While viewing distance changed the overall
Jevel of performance in Legge et al, the cutoflf
object frequency of their low-pass filiers at
which performance asymptoted did not change.
From this study, we learn that reading rate can
be quite independent of retinal frequency over a
fairly wide range, and that dependence on criti-
cal object frequency does not depend on viewing
distance. Because the authors measured reading
rate only in lowpass filtered images, we cannot
infer reading performance in higher spatial fre-
quency bands from their data,

Inconfound g object
properties

s and visual sy stem

Human visual performance is the result of the
combined effects of the objectively available
information in the shmulus, and the ability of
humans to utihze the information In studying
visual performance with differently filtered 1m-
ages, it 1t cnucal to scparate availabihty from
ability 1o uuhze. For example. narrow-band
images can be completely described i terms
of a small number of parameters—Fourer
coeflicients or any other independent descrip-
tors—than wide-band images Poor human
performance with narrow-band images may
reflect the impovenished mmage rather than
an ntrinsically human charactenstic—an 1deal
observer would exhibit a similar Joss

The problem of assessing the uulity of sumu-
lus information becomes acute 1n comparing
human performance in high and mn low fre-
quency bandpass filtered images Typically,
filters are constructed to have a bandwidth
proportional to frequency {constant bandwidth
i terms of octaves) For example, Ginsburg
(1980) used faces filtered nto 2-octave-wide
bands, while Norman and Ehtlich (1987) also
uscd 2-octave bands for their filiered tank pic-
tures With such filters, high spaual frequency
images contain more independent frequencies
than low frequency images

Although hinear bandwidth represents per-
haps the important difference between images
filtered in octave bands at different frequencies,
the informational content of the vanous bands
also depends cnincally on the nature of the
specific class of objects, such as faces or lettes
Obriously, determiming the information content
of images 1s a difficult problem When 1t 15 not
solved the amount of stimulus information
available within a frequency band s confounded

" |
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with the ability of human observers to use the
information. Direct comparisons of perform-
ance between differently, filtered objects are
inappropriate. This distinction between objec-
tively available stimulus information and the
human ability to us¢ it has not been adequately
posed in the context of spatial bandpass
filtering.

Efficiency

In the present context, physically available
information is best characterized by the per-
formance of an ideal observer. If there were no
noise in the stimulus, the ideal observer would
invariably respond perfectly. To compare the
performance of an observer, human or ideal,
noise of root-mean-square (r.m s.) amphtude n
is progressively added to the signal of r.m.s.
amphtude s until the performance 15 reduced to
some cniterion. such as 50% correct 1n a letter
wdentification tash This defines the signal to
noise rauo. (s.n),. for a cntenon . Efiiciency eff
of human performance 1s defined by

(1)
njc !\

where h and 1indicate human and 1deal observ-
ers, and s and n are rms signal and noise
amphiudes (Tanner & Birdsall. 1958) In a pure.
quantally himied system. efficiency actually
represents the fraction of gquanta absorbed
(utthzation efficiency). In the conteat of signal
detection theon, efficiency 1s given by a d’ ratio

off = (d,d))

Otervien

For an object that contains a broad spectrum
of spaual frequencies, object spatial frequency is
determined by the center frequency of a spatial
bandpass filtered ymage Reunal spaual fre-
quency is determi 1ed by the viewing distance at
which the sumulus 1s viewed Sumulus infor-
mation 1s determined jointly by the signal-to-
nose ratio, by the spatal filterning. and by the
charactensuics of the set of signals. these three
informational components are combined in the
efficiency computauon Letters are a convenient
stimulus to study because they are highly over-
learned 5o that human performance can be
expected to be reasonably efficient, and because
much 15 already known about the visibibity of
letters in the presence of internal noise (letter
acuity) and about the wisual processing of
letters

Specifically, to ¢ the roles of object
and retinal spz* -guencies, lefters are
filtered into vanc-  quency bands. Noise is
added, and the ¢ smetric function for cor-
rect identificatic - determined as a function
of s/n Accuracy,. ¢ndsonly on s/ and not on
overall contrast, fo: 2 wide range of contrasts
(Pavel, Sperling, Riedl & Vanderbech, 1987).
This determination is repeated for every combi-
nation of object frequency band and viewing
distance. Thereby, retinal spatial frequency
and object spatial frequency are unconfounded.
enabhing us to determine whether a particular
object frequency band is better discniminated
in one visual channel (retinal frequency) than
any other (Parish & Sperling, 1987a.b) More-
over, by computing an ideal observer for the
identification task, we obtain an objective
measure of the information that 1s present in
each of the frequency bands Finally, the com-
parison of human performance with the per-
formance of the 1deal obserer gnes us a precise
measure of the abihity of our subjects to uthze
the informauon n the sumulus Hawvng
untangled these factors, we can determine which
spatial frequencies most efficiently characterize
letters for idenufication

METHOD

Two expeniments were conducted using simi-
lar shmul and procedures

Stunudi

Letters (signals) and noise The ongnal,
unfiltered letters were selected from a simple
5 x 7 upper-case font commonly used on CRT
terminals Since this 1s an experiment in paitern
recognition, we felt that the simplest letier pat-
tern might be the most general, indecd. this font
has been widely used in letter discrimination
studies For the purpose of subsequent spatial
filtering. the letters were redefined on a pixel
gnd that measured 45 (verucal height) x 35
(maximum honzontal extent of letters M and
W) The letters had value 1 (white), the back-
ground had value 0 (black) To avod edge
effects in filtering. the bachground was extended
to 128 x 12§ pixels for all computations How-
ever, only the center 90 x 90 pixels of the stimu-
lus were displayed. as these contained effectively
all the usable sumulus forination, even for
low spatial-frequency stimuh Letters i rres-
entation were chosen pseudo-randomt m
the set of 26 upper-case Enghsh letters
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Table 1. Pasameters of the bandpass filters lower 3nd upper
half-amphtude frequencies, peah, and 2D mean frequencics
in cyclesfletter height

Band Lower Peak Upper Mean®

[4 0 Lowpass 0.53 039’
1 026 053 108 074
2 053 105 pAL 149
3 108 218 422 292
4 21 4.22 844 577
5 633  Highpass 225 2025
*Fi ies are weighted ding to their squared amph-

tude (power) in :ompuxing the mean

2lds were defined on a 128 x 128 array by
choosing independent Gaussian noise samples
for cach pixel, with the mean equal to zero and
a variance o2 as required by the condition. (As
with the letters, only the central 90 x 90 pixels
were displayed ) Forty different noise fields were
created

Filters. Each suimulus consisted of a filtered
letter added to an 1dentically filtered nosse field.
Six spaual filters were available, corsesponding
10 s1x successise levels of a Laplacian pyram:d
(Burt & Adelson, 1983) The zero-frequency
component was added to the images so that they
could be wiewed. The object-relatne filter
charactenstics, upper and lower half-amplitude
cutoffl and 2D mean frequency (cycles per
fetter height), appear in Table 1 The 2D mean
frequency f for a given band 1s

1271 120 e
=3 Y fal )Y Y,
x=0 =0 ] xe0 =l

where £, 15 the 2D frequency and a,, 15 1ts
amplitude Cycles per object height 1s used
rather than the more usual cycles per object
width because the height of our upper-case
Jetters remaimed constant across the entire set,
whereas the width vaned between letters

The transfer functions (spectra) of the filters
are displayed m Fig 1. Approximately. filters
are separated n spatial frequency by an octave
(factor of 2) and have a bandwidth at half-
amphtude of two octaves The small mound 1n
the lower nght corner of Fig 115 a neghgible
wmperfection 1 filter 4. For convenience, the
limited range of spatial frequencies passed by
each of the filters will be referred to as the band
of that filter, a specific band 15 5, (1 =0, 1, 2, 3,
4, 5), where b, 15 the lowest set of frequencies
and by 15 the highest

The filter spectra (shown n Fig 1) are
approximately symmetncal i log frequency
coordinates. a symmetnical spectrum in Jog co-
ordinates 1s highly skewed to the night n linear
frequency coordinates, resuling 1n a mean that

Cycles/trld wkth
1 2 Ld s % 2 64
10 T Y T
oV 2 3 4 )
o8
os}
8.
o2k

©0 v -
035 0o® 14 28 56 ¥2 224
Cycles/tetter heght
Fig 1. Filter characteristics for the filters used 1n the
expenments There are two absassas, both on a log scale
The top abscissa is the frequency in cycles per unwindowed
field width (128 pixels), the bottom absaissa 15 1 cycles per
letter height (45 pixels) The ordinaie s the normzhized gain
Thep 11nd the filter d b,1n the text

is much greater than the mode. In 2 2D (vs 1D)
filter, the nghtward shift 15 accentuated For
example, band 2 has a peak frequency of 105
c/object but a 2D mean frequency of 149
c/object The single most informatne character-
1zation of such a shewed bandpass spectrum
depends somewhat on the context, usually use
the mean rather than the peak

Figure 2 (top) shows the letter G. filtered n
bands 1-5 without noise the bottom shows the
same signals plus nowse. s,n =05 The full
128 x 128 array (estended by reflection beyond
Wts edges) was passed through the filter so that
the effect of the picture boundary did not
trude into the cntical part of the display

Signal 1o notse ratio, s'n A filtesed letter is a
signal Let 1, yindex a particular pixelin the 1,3
coordmate space of the sumulus The signal
contrast ¢,(1,7) of piel 1 j1s

_(lap—k)
T

4

o)) M
where /,, 15 the luminance of pixel 1 j and /18
the mean signal luminance over the 90 x 90
array Signal power per piel, s, 1s defined as
mean contrast power averaged over the 90 x 90
pixel array

17
s= (N TY o0y )
vy

where ¢,, 15 the contrast of pmel 1 ; and
I=J=90

Noise contrast ¢,(z,) 1s the value of the ¢ yth
noise sample divided by the mean luminance
Analogously to signal power (equation 2), noise
contrast power per pixel n, 15 equal to (¢ /)’
The signal to nowse ratio 1s simply 5.0
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Quantization. Our display system produced
256 discrete luminance levels. Level 128 was
used as the mean luminance J; [, was
47.5¢d/m® To produce a visual display of a
given letter, band, and s/n, signal power s and
noise power n were normalized so that the
luminance of every one of the 8100 displayed
pixels fell within the range of the display system,
there was no truncation of the tails of the
Gaussian noise. (Although the relationship be-
tween input gray-level and output luminance
was not quite linear at the. extreme intensity
values, it was detefmined that more than 90%
of the pixels fell within the linear intensity
range.) Intensity normalization was applied sep-
arately to each stimulus (combination of signal
plus noise) By normalizing the total stimulus
s +n, the actual value of s displayed to the
subject diminished a$ n increased, i.e. the actual
value of s was not known by the subject. Indeed,
even sumul with precisely the same letter in the
same band and with the same s/n' might be
produced wath slightly different s and n depend-
ing on the extreme values of the noise fields.

Seven values of s/n were available for each
band, chosen 1n a pilot study to insurc that the
data yiclded the entire psychometric function
(chance 10 best performance). The same pilot
study showed that subjects never performed
above chance when confronted with noise-free
letters from by, this band was omitted from the
present study

Procedure experiment 1

Four of the eaperimental vanables—Ietter
idenuty, nose field, frequency band, and s/n—
were randomized within each session A fifth
vanable, viewing distance, was held constant
within each session and was varied between
sessions  Four wiewing distances were used.
0121,038. 121 and 384m. A chin rest was
used to stabilize the subject’s head for viewing
at the shortest distance At the four distances,
the 90 x 90 pixel sumulus subtended 31.6, 10,
316and 1 0 deg of visual angle respectively. The

eff 1408

upper and lower half-amplitude cut-off retinat
frequencies for the upper six filters, with respect
to the four viewing distances used in this exper-
iment, and for a fifth distance used in the second
experiment, appear in Table 2. Subjects partici-
pated in four I-br stssions at each viewing
distance. Each session consisted of 315 trials,
nine trials at each of seven s/n’s for each of the
five frequency bands.

Prior to the first session, subjects were shown
noisc-free -examples of the unfiltered letters
They were told that each stimulus presentation
consisted of a letter and a certain amount of
noise, and that the letter may appear degraded
in some-way. They were informed that at no
time would a letter be shifted in onentation or
from its central location in the stimulus field
Finally, they were instructed to view each stimu-
lus for as long as they desired before making
their best guess as to which letter had been
presented. A response (letter identity) was
required on every tnal. Subjects typed the
response on a keyboard connected to the host
computer (Vax 11/750); subsequently, typmng a
carriage return crased the video screen and
witiated the next trial m a few seconds The
room illumination was very dim, the response
heyboard was lighted by stray light from s
assocrated CRT terminal. No fecdback was
offered to the subjects

Obserters

Three subjects, two male and one female,
between the ages of 20 and 27 parucipated in the
experiment. All subjects had normal or cor-
rected-to-normal vision One of the subjects was
a paid participant in the study

Procedure experiment 2

This experiment was run before expt 1 Itis
reported here because 1t offers additional data
with two new and one old subject at a fifth
viewing distance. Except as noted, the pro-
cedures are similar to expt 1 The screen was
viewed through a darkened hood at a distance

Table 2 Lower and upper hal” power frequency and 2D mean frequency (in c’deg of visual angle) for all bands and viewing

used 1n both exp
Viewing distance (m)
Band 012 038 12 384 04s
0 (lowpass)  000-004(003) 000-012(009) 000-037(027) 000-115(087) 000-015(011)
i 002-007(00%) 006-023(0 16} 018-074(0 52) 058-234(1 65) 007-029(021)
2 004-015¢010) 012-047(033) 037-148(1 04) 118-470(330) 015-059(041)
3 007-030(0 20y 023-094(063) 074-297(204) 2334-940(648) 029-118(081)
4 015-059(040) 047-188¢127) 148-594(404) 470-1880(1282)  059-236(1 60)
S (hughpass) 030 225(141) 093 7131445 297-2283(14 19)  940- 71 27(4500) 177-896¢563)




of 0.48 m. At this dictance, the 99 x 90 stimuli
subtended 7.15deg of visual angle. The half-
amphtude cut-off frequencies and the mean
frequencies of the six spatial filters are given in
the rightmost column of Table 2. Three male
subjects between the ages of 20 and 27 par-
ticipated in the experiment. All subjects had
normal or corrected-to-normal vision. Two of
the subjects were-paid for their participation,
and one, DHP, also participated in expt 1. Five
sesstons of 315 tnals were run for each subject.

RESULTS
Psychometric functions: p vs logp sin
The measure of performance is the observed
probability 5 of a correct letter identification.

1.00
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The complete psychometric functions are dis-
played in Figs 3 (expt 1) and 4 (expt 2). A
separate psychometric function is shown for
cach subject, viewing distance and frequency
band. In band &,, for all subjects, performance
asymptotes (for noiseless stimuls) at § ~0.5. In
all other bands, performance improves from
near-chance (1/26) to near perfect as the value
of s/n increases.

Noise resistance as a function of frequency band

An obvious aspect of the data of both exper-
iments is that the data move to the left of the
figure panels as band spatial frequency In-
creases. This means that high spatial frequency
stimul (bands b,, by) are 1dentifiable at smaller
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Fig 3 Psychometr.c functions from expt | Each graph displays performance as a funcion of log, s'n
within 2 frequency band The parameter 18 wiewing distance Subjects are arranged in columns and
frequency band is arranged 1n rows progressing from the highest frequency band at the top to the loaest
band at the bottom The four viewing distances are 384 (O) 121 (4) 038 ([0) and 0121 (O) m




Spatia! frequencies and d

i 1407

1.20

0.50 |- p

025 L

1.00

075 =

0.50 |-

o025 L

Probabiltity correct

1.00
075~

050 =

025t f
<)

30 20 -10 ° ©
Logwsm

Fig 4 Psychometnic functions for each subjct angd fre

quency band i expt 2 Viewing distance was 048 m The

five frequency bands, b,-b,, are indicated, respectively, by

O 0.4, O and + The probabihity of a correct response
18 plotied as 2 function of log,, s'n

s/n than stimuli in bands b, and 4,, resistance to
noise increases with spatial frequency band. To
enable comparnisons of noise sensiivity as a
function of band, the s/n at which p = 50% was
estimated for each subject and frequency band
from expt 1 by means of inverse interpolation
from the best fitting logistic function As view-
ing distance had no effect, all estimates were
made using the data collected when viewing
distance was equal to 0 38 m. A graph of these
(5/n)ge, points as a function of the mean object
frequency of the band 1s plotted in Fig 5 (O)
For comparison, the expected rate of improve-
ment in (s/n)y,,, based on the increasing num-
ber of frequency components as one moves from
low to high frequency bands, is plotted as a
senes of parallel hines in Fig § Performance
improves {(s/n)s., decreases] somewhat faster
than 1// (the slope of the parallel lines) These
results, and Fig 5, will be analyzed 1n detail in
the Discussion section

iy
- k9 I
032 05 100 178 3% 562 100 178 316
20 Mean frequency (cycles/tetter herght)

Fig 5 Performance of human subjects and various compu-
tational di: The absaissa ind: Tog,y of the
mean freq of each bandp lus The ord
sdicates the (interpolated) s/ ratio at which a probability
of a correct response p w05 15 achieved. Circles indicate
cach of the three subjects m expt 1 at the wtermediate
viewing distance of 1.21m In band &, 2 of 3 human
subjects fail 1o achieve 50% correct (eff w 0), these points lie
outside the graph (A) ind b-ideal and (O) nd
per-ideal perf of d, i that brackets the
wdeal discnminator The shaded area below the super-ideal
discnminator ndicates theoretically unachievable perform.
ance Squares indicate performance of a spatie! wir=lator-
disenminator The oblique paraliel hines have slope =1 that
Tepresents the improvement 1 expected performance
(decrease 1 s/n) as function of the number of frequency
components in each band when filler bandwidth 1s
proportional to frequency

The non-effect of viewing distance

Another property of the data 1s that, in most
conditions, viewing distance has no effect on
performance Analysis of vanance, carned out
mdivid ..y for each subject, shows that there 1s
no significant effect of distance m any band for
subject dhp and a sigmificant effect of distance in
bands b, and b, for the other two subjects
Further analysis by a Tuhey test (Winer, 1971)
n bands b, and b, for these subjects shows that
the only significant effect of distance 1s th t
visibility at the longest viewing distance 1s better
than at the other three distances For subject
CID, the improvemert 1s squivalent to a gain in
s/n of 019 and 0 28 log,, (for bands 4, and b..
respectively), for MAV, the corresponding gains
were 0.21 and 0.40

Improved performance at long viewing dis-
tances 15 almost certamnly due to the square
configuration of individual pixels, which pro-
duces a high frequency spatial pixel noise that 1s
attenuated by viewing from sufficiently far away
(Harmon & Julesz, 1973) In low frequency
bands, pixel-boundary noise is not a problem
because the spatial filtering insures that adjacent
pixels vary only shghtly in mtensity We ex-
plored the hypothesis of pixel-boundary noise
with subject CID, who showed a distance effect

[
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in band 5. At an intermedate viewing distance

of 1.21 m, CID squinted her eyes while viewing

sumuli from band 5 By blurring the retinal
image of the display in this way, performance
mproved approximately to the level of the
furthest viewing distance.

To summarize, the only significan. .Fect of
distance that we observed was a lowering of
performance at near viewing distances relatve
to the furthest distance. This impairment
occurred primarily in bands 4 and 5. In these
bands, the spatial quantization of the display
(90 x 90 square-shaped pixels) produces arti-
factual high spatial frequencies that mask
the target These artifactually produced spatial
frequencies can be attepuated by deliberate
blurring (squinting), or by producing displays
with higher spatial resolution, or by increasing
the viewing distance to the point where the pixel
boundanes are attenuated by the optics of the
ey¢ and neural components of the visual modu-
lauon transfer function. In all cases, blurnng
mproves  performance and chmnates  the
shghtly deletenous effect of a too small viewing
distance Thus, for correctly constructed sm-
uh. 1n the frequency ranges studied, there would
be no sigmficant effect of viewing distance on
performance This finding 15 1w agreement with
the results of Legge ¢t al (1985). who examuined
reading rate rather than letter recogntion It is
m starkh  chsagreement with the results of
sinewave detection expeniments i which retinal
frequency 1s entical—see Sperling (1989) for an
explanation

DISCUSSION

A companson of performance in different
frequency bands shows that subjects perform
better the higher the frequency band. and sub-
jects require the smallest signal-to-noise ratio
i the highest frequency band To determine
whether performance in high frequenc) bands s
good because humans are more effictent
utilizing high-frequency information, or because
there 15 objecuvely more information wn the
high-frequency images, or both, requires an
nvestigation of the performance of an ideal
observer. The performance of the 1deal observer
1s the measure of the objective presence of
information Human nerformance results from
the joint effect of tne objectne presence of
wformation and the ability of humans 1o utiize
that information Human efficiency 1s the ratio
of human performance 10 1deal performance

Ideal discriminator

Definition. An ideal discrimmnator makes the
best possible decision given the available data
and the interpretation of “best.” The perform-
ance of the ideal discriminator defines the objec-
tive uuhty of the wnformation in the stimulus,
We prefer the name ideal disciminator, rather
than ideal observer, because 1t indicates the
critical aspect of performance under consider-
ation, but we occastonaliy use ideal obserter 10
emphasize the relations to a large, relevant
literature on this subject. Our purposes in this
secuion are first, to derive an ideal discriminator
for the letter identification task, second, to
develop a practical working approximation to
this discriminator, and third, to compare the
performance of the human with the ideal dis-
cnminator.

Although ideal observers have recently come
into greater use in wision research, the apph-
cations have focused primanly on determining
the ot of performance for relatively low-level
visual phenomena For example, Barlow (1978,
1980), and Barlow and Reeves (1979) mvesti-
gated the perception of density and of murror
symmetry, Geisler (1984) mvestigated the hnmats
of acuity and hyperacuity, Legge, Kersten and
Burgess (1987) examined the pedestal effect,
Kersten (1984) studied the detection of noise
patterns; and Peth (1981) detaited the roles of
internal visual nowse Gessler (1989) provides an
overview of efficiency computations n early
vision Our applhication differs from these in that
we eapand the techniques and apply them to
a higher perceptual/cogmtive funcuon, letter
recogmiion

For the letter 1dentification task, the 1deal
discriminator is conceptually eas) to define A
particular observed stimulus, x, representing an
unhnown letter plus noise, consists of an mten-
sity value (one of 256 possible values) at each of
90 x 90 locations The discrimimator’s tash 1s to
mahe the correct choice as frequently as possible
from among the 26 alternauve letters

The likelthood of observing sumulus x, given
cach of the 26 possible signal alternatives, can
be computed when the probability density func-
tion of the added noise 1s known exactly The
optimal decision chooses the letter that has the
highest likehhood of yielding x. The expected
performance of the 1deat discnminator 1s com-
puted by summung s probability of a correct
response over the 256 possible smuli (256
gray levels, 90x90 pmels) Unfortunately,
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Fig 6 Flow chart of the expennmental procedures that are modelled by the sdeal discnminator analysis
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Upper half indicates space domain op lower
frequency domain Computations are carnied out on

half the cot d m the
128 » 128 arrays, the subject ms onh the center

90 x 90 pixels A random letter and a random noise field are each filtered by the same filter (b), the noise

15 amplified 10 provide the desized signal-to noise rano,

, the Jetter and nose are added, the output s scaled

and quantized (represented by the addiion of digiization noise), and the result s shown to the subject
In the frequency domain w,. <, the bandpass filter selects an annulus, whereas the quantization nosse

18 uniform ov

when there 15 both bandpass filicred and inten-
sity quantization, the usual simplifications that
make this enormous computation tractable are
not apphcable

As an alternative to computing the expected
performance of the wdeal discriminator, one can
compute its performance with a particular sub-
set of the posstble stumuli—the sumuli that the
subject actually viewed or, preferably, a larger
set of stimuh for more reliable estimaton This
Meonte Carlo sumulaton of the performance
of the 1deal discrimnator 1s a tractable com-
putation that yiclds an estimate of expected
performance

Dernanon  Sumulus construction s dia-
grammed 1n Fig 6 which shows the equivalent
operations i the space and the frequency do-
mamns To denve anideal discriminator, we need
to carefully review the processes of stumulus
construction We use uppercase letters to rep-
Tesent quantiies n the frequency domamn and
lowercase letters to represent quantities in the
space domain A letter 1s defined by a 90 x 90
array that takes the value 1 at the letter
locations and 0 at the background locations
When this array 1s spaually filkered 1n band b, 1t
defines the lerter template 1, 4(»,)), where 1

e W, W,

indicates the particular letter, & the frequency
band, and x,y the pixel locaton We wnte
T, y(w,. w,) for the Fourner senes coeflicient of
1,, indexed by frequency

An unknown stimulus g, ,(x. y) to be viewed
by a subject 1s produced by adding filtered
m(x, y) with post-filtering vanance o3, to the
template 1, ,(x, y), where letter 1dentity 15 un-
known to the subject The stimulus 1s scaled and
digiized (quantized) to 256 levels prior to pres-
entation, contnibuting an addinonal source of
noise g, ,(x, y), called digitization nouse Finally,
a d.c component (dc) 1s added to u,, to bring
the mean luminance level to 128 These steps are
diagrammed m Fig. 6 which shows both the
space-domain and the corresponding frequency-
domain operations The space-domain compu-
tation 1s encapsulated n equations (3)

u (6 3) = Bolt(u )+ ) (Ga)
U, (0, ) = BLalt s 3) + 1%, )
+g,,(x.))+de (3b)

The scaling constant §,,, hmis the range of
real values for each pixel, pnior to quantization,
to [—05,255.5) The degree of scaling 1s deter-
nmined by the maximum and mimmum values in
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the function 1,,+n,. Note that the extreme
values 1n the image are determined by o,, which
15 adjusted to yield the appropnate s/n for each
condition, the values of ¢,, are fixed prior to
scaling Speaifically-

_ 256
T max(t; y + ny) —min(i,, 4 1)

Bi» @

As a result of bandpass filtering, the
noise samples 1 adjacent picls are strongly
dependent on each other. Therciore, the dis-
cniminator problem 1s best approached in the
Founer domamn, where the random vanables
{Ny(w,.@,)} are jomtly indep.ndent because
the filtering operations simply scale the differ-
ent frequency components without intro-
ducing any correlations {van Tress, 1968). The
task of the 1deal discnminator is to pick the
template 1, , that maximizes the hkehhood of u, ,
with @ priont hnowledge of. (1) the fixed func-
uons 1,,. and therr probabilities, and (u) the
densities of the jointly independent random
vanables {N(o.. @)} As s clear, §,,, oi.
{Q, M. ,)}. and {N, y(w,, »,)} are all jomtly
distnbuted random vanables charactenzed by
some density £ To compute the ikehhood of i,
the 1deal discinunator must integrate f over all
possible values that may be assumed by the
set of jomtly distnbuted random vanables.
whose values are constrained only in that they
result 1n a possible smulus u, ,. Unfortunately,
no closed-form solution to this problem 1s avail
able, forcing us 1o looh for an altermatine
approach.

Bracheting To estimate the perfosmance of
the 1deal disciminator, we look for a tractable
super-ideal discnminator that 1s better than the
deal but which 1s solvable Similarly, we look
for a tractable subadeal discimunator that s
worse than the i1deal The ideal disciminator
must hie between these two discriminators, that
15, we brachet its performance between that of
a “super-ideal’ and a “sub-ideal” discruninator
The more similar the performance of the super-
and sub-adeal discnminators, the more con-
strained 15 the ideal performance which hes
between them

Our super-1deal discrimmnator 1s told, a prioni,
the extact values for §,, and o3 for each sumu-
lus presentation Therefore, 1t 15 expected to
perform shghtly better than the ideal discnimi-
nator which must estimate these values from
the data The sub-ideal discnminator estimates
these same parameters from the presented
stimulus 10 a simple but nomdeal way There-

fore, 1t is expected to perform shghtly worse
than the 1deal discriminator. The computational
forms used to compute B, and o3 for the
sub-ideal discriminator are presented in the
Appendix, along with the denvation of the
likehhood estimator used by both discrimin-
ators. A complete discussion of these den-
vations and the problems associated with the
formulation of an tdeal discriminator for such
complex stimuli is presented in Chubb, Sperling
and Pansh (1987).

Performance of the bracketed discrimmnator
The super- and sub-ideal discriminators were
tested in a Monte Carlo series of trials, in which
they each were confronted with 90 stimuh in
cach of the frequency bands at each of seven s/n
values chosen to best estimate their 50% per-
formance point The s/n necessary for 50%
correct discnminations was estimated by an
inverse interpolation of the best fitung logistic
function The derived (s/n)g., 15 the measure
of performance of a discminator The mean
rauo, across frequency bands, of

(s/n), sub-ideal/(s/n)qs, super-ideal

1s about 2 (approx 03 log, umts) The
rauo does not depend on the cnterion of
performance

Efficiency of human discrmunation

In all conditions, human subjects perform
worse than the sub-1deal discriminator Notably,
with no added luminance noise, the subideal
(and. of course, the 1deal) discnminator func-
tion perfectly. even in b, where subject perform-
ance 15 at chance, and m b, where subjects
reached asymptote at about 50% correct

Data from the subjects are ploued with the
(s/n)ye, sub-ideal and (s/n)ge, super-ideal
Fig. 5 For companison, Fig 5 also shows the
performance of a correlator discriminator which
chooses the letter template that correlates most
highly with the simulus 1 the space domain In
the coordinates of Fig 5 (logis/n vs log,f
where f represents the mean 2D spaual fre-
quency of the band), the verucal distance d from
the human data log(s/n)y.,, human down 1o the
bracketed disciminator log(s/n)g.,, weal rep-
resents the log,, of the factor by which the
bracketed discriminator outperforms the human
observer at that value of f For the purpose
of speaifying efficiency, we assume the 1deal
disciminator hies at the mid-point of the sub
and super-ideal discnminators in Fig § The
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efficiency ¢ff of human dsscrimination relative
to the brackeied discriminator is f =10-%,
where.

d = 10g(s'n)ge, s — 10RIS Mo, s -

The values of eff in cach object frequency
band are shown in Fig. 7. In band 0, ¢ff is zero
because human performance never reaches
50%0. ndeed. it never rises significantiy above
4% (chance) In band !, human pesformance
asymptoucally cirmbs close 10 50% as s n ap-
proaches infinity. ¢/ = 0 In band 2. eff reaches
nts maxsmum of 35-47% (depending on the
subject) and 1t dechines rapidly wath increasing
frequency (by-b)

The 42% average efficiency mn band 2 is
similar in magnituds to the highest efficiencies
observed 1n comparable studies For example.
efficiency has been determined for detecting
vanious hinds of patterns in arrays of random
dots (Barlow. 1978, 1980, van Mecteren &
Barlow. 1981). tasks which. ke ours. may
require significantly cogmuve processing in a
wide range of conditions. the highest eficiencies
obserned were about 50%. and frequently
Tower Van Meeteren and Barlow (1981) also
found that efficiency was perfectly correlated
with object spatial frequency and was indepen-
dent of retnal spanal frequency

Spanal correlator discrimmator A correlator
discnminator  cross-correlates the presented
stimulus with its memory templates and chooses
the template with the highest correlation Corre-
lation can be carned out 1n the space or in the
frequency domain Corzelation 1s an eficient
strategy when noise sn adjacent pixels 15 inde-
pendent and when members of the set of signals
have the same energy, both of these conditions

[LETRIWY

2re viok:ed by oo szl Hoasver, when
seiaient prior informetion i 2v22abl 1o sob-
Jests, they do 2ppezs 10 eploy 2 Cross-come-
lation sirategy (Burgess, 1935).

It is Interesting to pole that the peformance
of ke spatial comreletor discrimizator over ihe
m3ddie rang= of spati2) frequencies is g=tte close
to the pesformance of the sub-ideal discrizmia-
2tor. At kgh spatal frequencies, correltor
performance degeneratzs, due to fis inabafy to
foces spatiziy on tbose pixel Jocziions that
contzin the most informaticn. A spatial corre-
Iater tbet optimally weighted spatial locations.
could overcome the spztizl focusing problem 21
high frequencies. (Spatial focusing is ueated in
the next section.)

At all freqeencies, the spatial cosreleior is
nonideal because noise at spatizl 2djacent pixels
is not independent. At low spaitel frequencies,
e nonindependzace of adjzcent locations be-
comes extreme a2nd the correlator fails miser-
ably. This points out that. for our stimuli.
correlation detection s beiter carned out in the
frequency domain because there the noise at
difierent frequencies is independent The quah-
tative similarity between the correlaior dis-
cniminator and the subjects’ datz suggests thar
the subjects might be employing a spatial
correlation strategy. augmenied by location
weighting at high frequencies

Lowest spatial frequencics sufficient for letier
discrinunction. Band 2 corresponds 10 a 2-
octave band with a peak frequency of 1.05
¢ object (vertical height of leiters) and a 2D
mean frequency of 1.49 ¢ object At the four
viewing distances. 1.05 c object corresponds to
retinal frequencies of 0.074, 0234, 0739 and
234 ¢ deg of visual angle We obsene perfect
scale invariance all of tnese rennal frequencies,
and hence the visual channels that process this
information, are cqually effectine 1n achieving
the high efficiency of discrimination

The finding that b, with a center frequency of
105 ciobject and a & amphiude cutoff a1 2.1
cjobject 1s cnitical for letter discnmination 1s 1n
good agreement with previous findings of both
Ginsburg (1978) for letter recogntion and
Legge et al (1985) for reading rate Legge et al
used low-pass filtered stimuh, which included
not only spatial frequencies within an octave of
¥ ¢ object (b,) but also included all lower fre-
quencies From the present study. we expect
human performance with low-pass and with
band-pass spatsal filiening to be quite similar up
to 1 cobject because the lowest frequency

\ snkemem
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Though the performance of the bracketed
idea] discriminator is vseful in quaniifyving the
informatiozal utility of the vasious bands, it is
instrective to coasider the changing physical
structure of the stimuli 2s we?' What com-
poacats of the stimuli actually Je2d to 2 gain in
information with increasing frequency? Accord-
ing t¢ Shannon’s theorem (Sha2nnon & Weaver,
1949). an absolutely bandlimited 1-D signal c2n
be represented by a number of samples m that
is proportional to its bandwidith. When the
signal-to-noise rauo in czch sample s, n, is the
same, the overall signal-to-noise ratio s/n grows
as /m. In the space domain. our filters were
construcied (approammately) to duffer only in
scale but not in the shape of thar impulse
responses Therefore. when the mean frequency
of 2 filier band increased by a factor of 2. the
bandwidih also increased by 2. Since the sumuh
are 2D. the effecine number of samples in-
creases with the square of frequency. and th2
increase 1n effectine s # 1atio 1s proportional 1o
m This expected improvement with frequency.
based stmply on the increase in effectine number
of samples. 15 indicated by the obhque paraliel
hines of Fig 5 wath slope of —1 The expected
1mprovement in threshold s n 3ue simpls to the
Iinearly increasing bandwidth cf the bands does
a reasonable job of accounuing for the improrve-
ment i performance for both human and
bracheted discnminators between b, and b;.

Performance of all discnninators improves
faster with frequency between 039 and 1.5
¢,object and between 5 8 and 22 c;jobject thants
predicied from the bandwidths of the tmages A
slope ste. 2r than — 1 means that there 15 more
information for discnminating letters 1n higher
frequency bands even when the number of
mdependent samples 1s kept the same i each
band Once samphng density s controlled. just
how much information letters happen to con-
tain i cach frequency band 1s an ecological
property of upper-case leiters

Jreguercy Bzxd. From the boman obsenver’s
point of view, the letter information in Jow-pass
Sitesed images is spread out over a large postion
of the to:2] image armay. In kigh spatial-fre-
quency images, the kiter information is concen-
trated in a smell proportican of the 1012l number
of pixels. In kigh spetial-frequency images, 2
human observer who knows which pixels to
antend will experiznce 2n effective sfn that 1s
higher than 20 observer who autends equally to
211 pixels. In this respect, Eumans differ from an
idz=2} discriminator. The ideal discriminator has
unlimited memory and processing zesources,
does not explicitly incosporaie any selectise
mechanism into its decision, 2nd uses the same
2lgorithm in all frequency bands. Information
from irrelevant pixels is enmeshed in the
computation but cancels out pesfecily in the
letter-decision process. To undersiand human
performance, however, it is useful to examine
how, with our size-scaled saafial filtess, leiter
information cormes 10 be occupy a smaller and
smaller fraction of the image amay as spatial
frequency increases.

Here we consider three fermulations of the
change in the internal structure of the images
with increasing spatial frequency: (1) spaual
localization, (2) correlation beiween signals, and
(3) ncarest neighbor analysis We have already
noted ihat, in our images, the informauon-nich
pixels become a <maller fraction of the total
pixels as frequency band increases Indeed, this
reduction can be estimated ty computing the
information transmitted at any particular pixel
location or, more appropnately for esimating
noise resistance, by computing the vanance of
intensity (at that pixel Jocatior ) over the set of
26 alternative signals

To demonstrate the degrec of incseasing
locahization with increasing frequency. the van-
ance (over the set of 26 letter templates) was
computed at each pixel locauon (x.)) Total
power, the total vanance, 15 obtained by sum-
ming over pixel Jocations The number of pixei
locations needed to achieve a speaific fraction of
the total power s ginenin Fig 8, with frequency
band as a parameter These curves describe the
spatial distnbution of information in the latter
templates If all pixels were equally informative,
exactly half of the total number of pixels would
be needed to account for 50%¢ of the total
power The solid curves in Fig § show that the
number of pixels needed to convey any percent-
age of total signal power, decreases as the
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Fraction of power

Fiz. 8. Fraction of tota} power conlzined in the 7 1most

haed pixels 25 2 function of 2 (out of 8109). Sobd
Eoes Indicite the powvr fractions for signals; e cone
parameter indicates the Ehier band, Dashed Lnes indicate
power fractions for fltered noise felds. Alborgh power
fractions from successive bands of coise are too close to
label, they generally fali in the same Jefi-right 5-0 order as

those for sizmal bands.

frequency band increases. These information
distribution cunes are an ecological property of
our set of letter stimuli; different curves would
be needed describe other stimulus sets.

The dashed curves in Fig. 8 were derived from
random noise filiered in each of the six fre-
quency bands (b,-b,) The distribution of noise
power is very siimilar between the various bands,
enormousty more so than the distnbution of
signal power. For our letter siimuh, sumulus
information coalesces 10 a smaller number of
spatial locations as spau.a! frequency increases

Correlation between signals A more abstract
way of describing the change of snformation
with bandwidth s to note that letters become
less confusible with each other in the higher
frequency bands. A good measure of confusibil-
ity is the average pairwise correlation between
the 26 iciier templates 1n each frequency band
(Table 3) The avaage correlation between
letter templates dimimshes from 0 94 n bard 0
to 031 1n band 5 In a band in which templates
have a pairwise correlation over 09, the over-
whelming amount of intensity vanation (*“infor-
mation”™) 1s useless for discnmmnation Small
wonder that subjects fail completely mn this
band Overall, performance of the ideal dis-
cnminator and of observers improves as the
correlation decreases, but there is no obvious
way to use the pairwise correlaion between
templates to predict performance.

Nearest nexghbors The analysis of nearest
neighbors is a useful technique for predicing
accuracy by the analysis of the possible causes
of errors We can regard a filtered ymage ¢, of
letter 1 as a vector in a space of dimensionahity
8100 (90 x 90 pixcls) When noise 1s added, the

Tabe 3. Aveszze paimaise comelzSions asd
peasest peizhbors (Evelidezn diszce x 10°9)

Band  Comthatioss  Nearest ocigih
0 054 001
1 091 030
2 053 12
3 038 23
a 033 31
s 031 41

possible positions of 1, are described by a cloud
whose dimensions are determined by the s/n
ratio. A nsighboring letter k may be confused
with letter i when the cloud around 1, envelopes
;. The closer the neighbor, the greater the
opportunity for error. Table 3 gives the average
normalized distance to the nearest neighbor in
each of the bands. The increase in distance to
the nearest neighbor reflects the improvement in
the representation of signals as spatial frequency
increases.

We consider possible causes of lower
efficiency of discrimination in bands below b,.
The letters in these bands have high pair-wise
corcelations and the mean band frequency is
Iess than the object frequency. This means
that letters differ only in subtle differences of
shading. a feature that we usually do not think
of as shape. Observers would need to be able to
utihze small intensity differences to distinguish
between letters To chminate an alternative ex-
planation (the smaller number of frequency
components in the low-frequency bands), we
conducted an informal expeniment with a lower
fundamental {requency The fundamental fre-
quency, which s outside the band, nevertheless
determines the spacing of frequency com-
ponents within the band Reducing the funda-
mental frequency of the letter by one-half
increases the number of frequency components
in the band by a factor of 4. (A 256 x 256
samphing gnd was used rather than 128 x 128 )
These 4 x more highly sampled sumuli were not
more discnminable than the onginal sumul
This suggests that the internal letter represen-
tation (template) that subjects bning with them
to the expenment cannot utilize low-frequency
information, even when 1t 1s abundantly avail-
able Whether, with sufficient traming, subjects
could learn to use low spatial frequencies to
make letter disciminations 1s an open question

SUMMARY AND CONCLUSIONS

1 Visual discnmination of letters n noise,
spatially filtered in 2-octave wide bands, 1s
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independent of viewing distance (retinal fre-
quency) but improves as spatial frequency
increases.

2. The improvement in perfonmance with
increasing spauial frequency results mainly from
an increase in the objective amount of infor-
mation transmitted by the filters with increasing
frequency (because filter bandwidih was pro-
portional to center frequency) which is mani-
fested as objectively less confusible stimuli in the
higher bands.

3. The comparison of human performance
with that of an estimated ideal discriminator
demonsi ates that humans achieve optimal
discrimination (a remarkable 42% efficiency)
when letters are defined by a 2-octave band of
spatial frequencies centered at 1 cycle per letter
height (mean frequency 1.5 c/letter) This high
efficiency of discimination is maintained over a
32-1 range of viewing distances

4. Detection efficiency was invanant over a
range of retinal spatial frequencies in which the
contrast threshold for detection of sine gratings
(the modulation transfer function, MTF) vanies
enormously The independence of detection per-
formance and retinal size held for all frequency
bands

5 A part of the loss of human efficiency n
discnmination as spatial frequency exceeded 1
¢,object height may have been due to the sub-
Jects” mability to idenufy, to selectively attend,
and 1o utthze the smaller fraction of informauon-
nch pixels in the ligher frequency 1mages

6. Finally, 1t 1s important to note that
without the comparison to the ideal observer,
we would not have been able to understand the
components of human performance in the
different frequency bands

Acknowledgermeris—We acknowledge the large contn-
bution of Chatles Chubb 1o the formulation and solution of
the ideal discinanatos We thank Michael S Landy for
helpful comments and Robert Picardi for skillful technical
assistance  The project was supported b) USAF, Life
Saences D Visual Inf g Pro-
gram, grants 85-0364 and 88 0140

REFERENCES

Batlow, H B (1978) The efficiency of detecting changes of
dennity n random dot pasterns Visron Research, 18,
637-650

Bariow, H M (1980) The absolute efficiency of perceptual
deaisions Phi'-sophical Transactions of the Roval Sociery,
Lordon 8, 290, 71-82

Batlow, H B & Reeves. B C (1979) The versatiliny and
absolute eflaency of detecting mitror symmetrs In ran-
dom dot duplays Vision Rescarch 19, 183-793

srpess. AL (1 Visuzal sigaal detection—1IL On
Bayesizn use of pnor knowledge azd cross comrelation.
Jourral of the Opticel Society of America A. 2(9).
1495~1507.

Burgsss, A. (1986). Induced interna) noise i visual dersion
tasks Jourral of the Opticel Society of America A, 3,93

Burt, P.} & Adelc2, E.H (1983) The Laplacian pyramid
2s 3 compadt suage code JEEE Transacnons on Com-
mazicetions, Ce=1-33(4), 532-530.

Cazmpbell, F. W. & Robsoz, J. G. (1968) Apphcation of
Fourer znalysis to the visbibty of graungs. Journal of
Prysiology, Londsn 197, 551-566

Carlson, C. R.. Moctller, ). R. & Anderson, C. H (1954)
Visual illusicns without low spaual frequencies. Vision
Research, 24, 1407-1433.

Chudd, C,, Sperhng. G. & Parish, D. H (1987) Designing

)vhophysml dxscnmxmnon tasks for which ideal per-

Sle Usnpublished

m2nusenpt, hcw York Unmmx). Human lnl‘ormahon
Processing Laboratory.

Davidson, M L. (1968) Pertutbation approach to spatial
bnghtness interaction in human vision. Journal of the
Opuical Society of America A, 58, 1300-1309

Fiarentiny, A, Mafles, L & Sandin, G (1983) The role of
hugh spaua) frequencies in face pereep Perceprion, 12,
195-201

Gesler. W S (1984) Physical hauts of acuity and hyper-
acuty Journal of the Opuical Society of Amenca A, 1.
775-782

Gesler, W S (1989) Sequential ideal-obsenver analysis of
wisual discnminations Ps) chological Review, 21, 267-314

Ginsburg, A. P (1971) Psychological correlates of a mode}
of the human wisual system In Proceedings of ithe
Nanonal Aerospace Electromes Conference (NAECON)
{pp 283-290) Ohio IEEE Trans Aecrospace Electronic
Systems

Ginsburg, A P (1978) Visualinformation processing based
on spaual filters constrained by biological data Aero-
space Medical Research Laboratory, 1(2) Dayton, Ohio

Ginsburg, A P (1980) Speaifying relesant spatial infor-
mation for image evaluation and display designs An
cxplanation of how we see certain objects Proceedings of
SiD, 21, 219217

Ginsberg A P & Evans, P W (1979) Predicting wisual
Wlusions from filtered 1maged based on biological data
Journal o the Opuicel Socrely of Amenca A, 69, 1343

Harmon, L D & Julesz, B (1973) Mashing 1n wisual
recogmuion  Effects of two-dimensional filtered nosse
Science, 180, 1193-1197

Janez, L (1984) Visual grouping without fow spaual fre
quencies Vision Research, 24, 211-274

Kersten, D (1984) Spaval summation in wisual noise
Viston Research, 24, 1977-1990

Legpe, G E. Pell, D G, Rubin, G S & Schleske, M M
(1985) Psychophysics of reading—1 Normal wision
Vision Research, 25(2), 239-252

Legee. G E, Kersten, D & Burgess, A E (1987) Contrast
discnmination in noise Journal of the Optical Socien of
America A, 4(2), 391-403

van Mecteren, A & Batlow, H B (1981) The statisucal
efficiency for detecting sinuso.dal modulation of average
dot density in random figures Vision Research, 21,
768-117

vanNes, F L & Bouman, M A (1967) Spatal modulation
transfer 1n the human eye Journal of the Optical Sociens
of America 57, 401406

(ATS2)

[ IR an 1S 2iat Y

ATR TORCTE OR CouNm Y,



°2)
awe-d end is

eTARCh (AT
3 LI
Mr AW AFR 1590-12

t
P I
<4

1ead.

-
D R

<a2 1 Monsger

{
.-
)

AIR TORCT OF £o1wNT ™
NCTT :

11

LI

) YA

C.oa .

Sllcaw

Approved “o > 2%2ase;3

distritutionual !:ng 5521 frequencies acd discrimization eficiexcy

Norman, J. & Ehrlxch, S. (1987). Spatial frequency filtenag
20d tasget identiSication. Vision Research, 27(1), 97-96.
Parish. D.H. & Sperling. G (19873). Object spaual frequen-
s, retinal spatial frequencies, and the efficiency of letter
discrimmination. Mathematica) Studres in Perception and
Cogrivon, 87-8. New York Usiversity, Depanizent of

Psychology.
Parish, D. H & Sperling. G (1987b) Object spatial fre-
quency, ot retinal spatal frequendy, determines identi-
fication efficiency. Investigative Opkikalmology end Visual
Scierice (ARVO Suppl ), 28(3), 359.

Pavel, M, Sperfing, G., Ricdl, T. & Vanderbeek, A (1987).
The lonts of visua) jcation The effect of sigs
noise ratio on the i of American sign lang;
Journal of the Optical Society of America A, 4, 2355—2365

Pel, D. G (1981) Effects of visual noise Ph D, disser-
tation, University of Cambridge, England

Shannon, C. E. & Weaver, W. (1949) The matkemancol
tkeory of Utbana Ui of lilnots
Press

e,

Sperhng. G (1989 Three stages and two systems of visual
processing  Spatial Vision, 4 (Prazdny

1415

To compute the Lkelikood for each s
we st be able to reverse the effect of ,,. Thus we define
@4 ™ 1184 and choose x,, 50 a5 10 minimuze the expression
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TlaFY =
ay=pyy ] T (A%)
Tl sl
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oie ¥ Zl P x) = 1,0F (AS)
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deal d

"Im()‘ “taﬂ' 1. 2 hkelsh d
By terms of g (A1) 2nd

dividing both sides by B yields
u‘—';x-)—lu(x)ﬂn,(r)vq";‘) (A6)

Substituting a,, for 1 B, and by transposing into the fre-
quency doman, denoted by upper-case letters and indexed
by w, we have

2,4 Uy (0) = TL0) = @)+ 2,0.40)  (AT)

Note that the left side of equation (A7) 1s sumply 2
difference 1mage between the sumulus L, () and the
template T, (w) This difference ss exactly equal to the sum
of the luminance and quantization noise only when the

Beth sub-ideal and must conip
estimates of the ikelihood that the stimulus «, , was pro-
duced wath template £, 3nd noise n, where K 1s the letter
used to generate the sumulus, 715 an arbitrary letter, and b
indexes spatial frequency band Let x b¢ an index on the
pixels of the smage 1 < x < 8100, for the 90 x 90 images of
the expenments

For the Monte Carlo simulanons of the super-ideal
disenminator, the unknown simulus parameters, %, , and ol
are computed duning simulus construction and thesr exact
values are supplied to the discnminator a priort The
sub-ideal discnminator, howeser must estimate these par-
ameters from the data as follows

Sub-Ideal Parameter Estimation

Recall that stimutus contrast 15 modulated for any pixe
x i the image

)= 8,00 ,600) 4 ndx)) + 4,40 (AD

The scaling constant B, , hmits range of real values for each
pixel. pror 10 quantization to the open intenal (-05,
255 5) the addinon of ¢, ,[v} called quanuzation nois,
rounds off pixel values to integers

For each bandpass filtered template 1, , we first compute
the corselation p, , of the template to the shimulus u, ,

T u )0

{}l:lv. Mx)) }‘ : {Zl' KE )F}, ‘

P = (A2

correct 1s chosen (1 =A) When the incorrect
template 1s chosen (@ # A) the nght hand side of equation
(A7) 15 equal 10 the sum of the noise sources plus some
residue that 1s equal 10 T, J(w)-7,{w) Under the
assumption that quantization nose can be modeled as
independent additive noise in the frequency domain, the
density A of the joint realization of the nght-hand side of
equation (A7) 1s given by

X
w #lopaly + el Fw)If

x expl

where Fy(w)1s simply the ketnel of filter b, 1n the frequency
domain Dropping the multiphcative term in equation (A8),
which does not depend on the template 7, and taling logs
the ideal discnminator chooses the template that mimmuzes

Xla,,Us o) = T, (@)}
T alod+od|Fo)l

A=

=xi3,, U o) =T, ()
s —— et e e e e A
Tojrahar | Y

(A9)

Finally, it 1s more convement to compute the power of
the quantization nots¢ in the space domain (aS) thann the
frequency domain (0 3) 02 = 0, Spaual quantization noise,
g, ,(x). s uniformly distnbuted on the ntenval {-05 05)
50 that o215 computed as

o
xtdy
=03

(A1)
and 15 equal to 1/12

+ e Bl
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Abstract—We use 2 difficult shape sdenufication task to analyze how humans extract 3D surface structure
frora dyeamuc 2D sumuli—~the kineuc depth effect (KDE) Sumuli composed of lununous tokens moving
onakssh background wield 3D shape i gardl of the lar token
used (aither dots, hinss, or disks) These displays fate both the Ist-order (F £y) motion
detectors 2nd 2nd-order (nonFouner) motion detectors To determine which system supponts KDE, we
employ stimulus mampulations that weaken or distort 1st-order motion energy (e g frame-to-frame
alternation of the contrast polanty of tokens) and mamipulanons that create microbalanced sumul which
have no useful Ist-order motion energy Al mampulauons that wmpawr Ist-order molion energy
cosrespondingsy impa1r 3D shape idenufication In certain cases, 2nd-order motion could support bnuted
KDE. but 11 was not robust and was of low spatial reso) We Jude that Ist-order motion d

2re the pnmany 1nput to the kinens depth system To determine munimal oondxuors for KDE weusea
o frame display Under opumal cond KDE supp shape identifs a1 63-94%
of full-rotation displavs (where baseline 15 5%) Increasing the amount of 3D rotation portrayed or
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ducing 3 blank lus interval impairs performance Together, our results confirm that the ’i
human kDE computation, of surface shape tses 2 global opuc flow computed pnmanty by Ist-order ’i
motion detectors with minor 2nd-order inputs Accurate 3D shape identification requires only two views & .
and therefore does not require knowledge of accelerauon }‘;

#
KDE  Kinetic depth effect  Structure from motion  Shape  Optic fiow ‘.f
-
i)
%

INTRODUCTION

When a collection of randomly positioned dots
moves on a CRT screen with motion paths that
are projections of ngid 3D mouon, a human
viewer percetves a stnking mmpression of three-

or are more claborate measurements necessary,

surface portrayed using random dot displays In
cach tnal of a new shape 1dentification task we
devised. subjects view a random dot represen-
tation of one of a set of 52 3D shapes and
identify the shape and rotation direction Shape
identity feedback opuimizes the subject’s ability

Further expenments determined that global

-

s
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dimensionahty and depth This phenomenon  to compute shape from each type of motion -3
of depth computed from relatve motion cues  stmulus For accurate performance, the tash ,;
1s known as the kinetic depth effect (KDE. requires exther a 3D percept or a subject strategy P
Wallach & C'Connell. 1953) that uses 2D veloaity information 1n a manner §

What are the important cues that lead toa 3D that 15 computationally equivalent to that re- B
percept from such a display? Is it motion, orare  quired to solve for 3D shape (Sperling et al 221
there other important cues” If 1t 1s motion, then 1989, 1990, see the discussion of expt 2, below) Ffl
what hind of mouon detection system(s) are We have shown that the only cue used for the %
used ic support tne structure-from-rrotion com-  perception of three-dimensionality in these dis- E‘;:
putation” Is a computation of velocit s sufficient,  plays 1s motton (Sperkng et al, 1989, 1990) ,;ﬁ

4

such as of acceleration” These are the questions
that we address in this paper

In a senies of recent papers (Dosher, Landy &
Sperling. 1989a. b, Sperhing, Landy, Dosher &
Perhins, 1989, Sperling, Dosher & Landy, 1990),
we examined t' ¢ cues necessary for subjects to
perceive an accurate representation of a 3D

opuic flow 1s used rather than the position
mformation for mdividual dots, since accuracy
remains high when dot hfetites are reduced to
as httle as two frames (Dosh.r et al,, 1989b) In
that paper, we concluded that the mput to the
KDE computation 1s an optic flow generated by
a l1st-order motion detection mechamism, such
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as the Reichardt detector (Reichardt, 1957).
Two manipulations that perturb Ist-order
motion energy mechanisms—flicker and po-
larity alternation—also interfered with KDE
(Dosher et al., 1989b). In polarity alternation,
dots change over time from black to white to
black on a gray background. When compared to
dots that remain white, polarity alternation was
equally or slightly more detectable in a detection
task, was poorer but still well above chance in
a discrimination of direction of motion task
{computed, presumably, ustng tracking of the
dots or using more ¢laborate, 2nd-order motion
detection mechanisms) but was useless for tasks
requiring KDE or motion segregation. These
latter two tasks require the evaluation of vel-
ocity i a number of locations simultancously
(Sperling et al . 1989). Shape identification per-
formance in a range of conditions was shown to
be monotonic with a computed index of Ist-
order net directional power in the stimult
(Dosher et al. 1989b) Hence, for sparse
dot sumuli, KDE depends upon a simple
spauio-temporal (1st-order) Founer analysis of
multiple local areas of the sumulus

In this paper, we further examine and gener-
ahze the contributions of several types of
motion detectors to the optic flow computations
used by the structure-from-motion mechanism

MOTION ANALYSIS MODELS AND THE KDE

Ist-arder motion anah sis

To motivate the sumulus conditions studied
here, we begin by summanzing models of early
mouon detection and analysis Several recent
motion detection models (van Santen & Sper-
ling, 1984, 1985, Adelson & Bergen. 1985, Wat-
son & Ahumada. 1985) share as a common
antecedent the model proposed by Reichardt
(1957) We refer to this class of models as
Ist-order motion detectors. Below, 2nd-order
mechamisms mvolving add.tional processing
stages will be discussed. In the Reichardt detec-
tor, lummance 15 measured at two spatial lo-
cations A and B The measurement at position
A 15 delayed tn ume, and then cross-correlated
over ume with the measurement at position B,
resuling n a  “half-detector™ sensiive to
motton from posiion A to B A second such
“half-detector™ sensttive to motion from B to A
1s set m opponency with the first, resuiting in the
full mouon detector van Santen and Sperling
(1984, 1985) have invesugated this model along
with extensions involving voung rules for com-

bining outputs of many detectors to enable
predictions of psychophysical experiments, re-
sulting in their Elaborated Reichardt Detector
(ERD).

An alternative way of characterizing motion
detection is in the frequency domain. A motson
detector can be built of several lincar spatio-
temporal filters. Each filter is sensitive only to
energy in two of the four quadrants in spatio-
temporal Fourier space (w,, ®,). In other
words, the filters are not separable. Thetr recep-
tive fields are oriented in space-time. and thus
they are sensitive to motion in a particular
direction and at a particular scale (Adelson &
Bergen. 1985; Burr, Ross & Morrone, 1986.
Watson & Ahumada, 1985). The Fourner
*“energy” (the squared output of a quadrature
pair of filters) in each of two opposing motion
direcuons is computed, and put in opponency.
This *“motion energy detector”, proposed by
Adelson and Bergen (1985), and the ERD differ
m their construction and in the signals avarlable
at the subunit level. but are indistinguishable at
their outputs (Adelson & Bergen, 1985, van
Santen & Sperling, 1985)

The structure-from-motion computation re-
ltes upon the measurement of 1mage velocitics
at several mmage locauons The KDE shape
1dent:fication task that we use here can be solved
by categonizing velocity at six spaual locations
into three categonies leftward. approximately
zero. and nghtward (Sperhing et al . 1989) Thus.
in order to discnminate the 53 test shapes
by KDE, motion detection must be followed
by at least some rudimentary local velocity
calculation.

In order to signal veloaity, the outputs of
more than one such lst-order motion detector
must be pooled Speed may be computed by
pooling only two detectors (a mouon and a
“stauc” detector, Adelson & Bergen, 1985) To
signal motion direction, signals must be pooled
across a vanety of onentations (Watson &
Ahumada, 1985) Finally, in order to solve the
“aperture problem™ for more complex sumult
(Burt & Sperhing, 1981, Marr & Uliman, 1981),
signals may be pooled over a vanety of
directions and perhaps scales (Heeger, 1987)

In the previous paper (Dosher et al, 1989b),
shape identification performance was shown to
relate directly 10 the quality of the signal avail-
able from Ist-order motion detection mechan-
1sms Each stimulus consisted of a large number
of dots on a gray background represcnting a 2D
projection of dots on the surface of a smooth 3D

- e
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shape under rotary oscillation. In on¢ condition
(contrast polarity alternation). the dots were
firs: brighter than the background (“white-on-
gray"), then darker than the background
(“black-on-gray™), then bright again, in succes-
sive frames. For a dense random dot field (50%
black/50% white) under simple planar motion,
polanty alternation causes a percept of motion
opposite to the true direction of motion (the
“reverse-phi phenomenon™, Anstis & Rogers,
1975), reverse-phi 1s thought to reflect a spatio-
temporal Founer analysis of the sumulus, since
contrast reversal reverses the direction of
monon of the lowest-frequency Fourier com-
ponents (van Santen & Sperling. 1984) With
contrast reversal. the outputs of Ist-order
motion detecion mechanisms no longer simply
signal the intended direcion and veloaty of
mouon Contrast reversal sumult do not wvield
a depth-from-motton percept (Dosher et al,
1989b) We take thuis as ewidence that the
KDE relies upon input from a Ist-order motion
analysts

2nd-order motion analvsts

For the sparsz random dot sumuli (Dosher et
al.. 1989b). contrast polanty alternation ehmi-
nated the perception of structure from motion
Nonetheless, subjects could judge the direction
of patches of contrast polanty alternatung dots
undergoing simple translation What kind of a
mouon detector mught be used to correctly
judge the motion of a translatng. polanty-
alternaung dot” One simple possibility would be
to first apply 2 luminance nonhneanty to the
input sumulus For example. of ' 2 input stimu-
lus were full-wave recufied adout the mean
luminance. the polanty-alternating stimulus
would be converted to the equivalent of ngid
motion of a white dot on a gray bachground
Thus. a full-wave rectifier of contrast followed
by a Ist-order analyzer (such as those discussed
above) would be capable of analyzing such a
moton stimulus correctly (Chubb & Sperling,
1988b. 19892, b)

A motion detection sysiem consisting of a
contrast nonhneanty followed by a Ist-order
detector 1s one example of a wide class of
“2nd-order detection mechamsms™, each of
which consists of a hnear filtering of the input
(spatial andjor temporai), followed by a con-
trast nonhneanty, folowed by a standard [st-
order motion detection mechanmsm A number
of results demonstrate the existence of both Ist-
and 2nd-order motion mechamsms and show

the contribution of both to the perception of
planar motion (Anstis & Rogers, 1975, Chubb
& Sperling, 1988b, 1989a,b; Lelkens &
Koenderink, 1984: Ramachandran, Rao &
Vidyasagar, 1973; Sperling, 1976).

Can both 1st- and 2nd-order motion mechan-
15ms be used by the KDE system? The polarity-
alternating dots did not yield an effective KDE
percept of our 3D shapes. If one accepts the
existence of both Ist- and 2nd-order motion
mechanisms, why didn’t the 2nd-order system
support KDE? The KDE stimuli were relatively
small (3.7 x 4 2deg) and viewed foveally (eye
movements were permitted throughout the 2 sec
sumulus duraton) Evidence from studies of
planar motion suggests that both systems were
available under these condiions (Chubb &
Sperhng, 1988b) For polanty alternation
sumuli, the most salient low frequency com-
ponents from the Ist-order system were n
the wrong direcion We assume that the 2nd-
order system yields a correct (if attenuvated)
analysis Bad shape identificanon performance
may have resulted esther from the perturbed
Ist-order analysis or because of compeution
between the Ist- and 2nd-order systems (which
signaled opposite directions of motion 1n
some frequency bands) Our evidence (Dosher
et al, 1989b) demonstrated that Ist-order
system input 1s the predominant nput to
KDE. but 1t did not exclude the possibihty of
mput from 2nd-order motion detection mech-
amsms To approach that question we con-
sider a KDE sumulus that produces a simple
2nd-order motion analysis, but to which
the Ist-order motion system 1s. statistically,
bhind

Microbalanced motion stmult

Chubb and Sperling (1988b) defined a class of
stumul, called microbalanced, among which are
stimull with the properties that we desire In
expt | we concentrate on two cxamples of
microbalanced motion sumuh These stimuli are
random in the sense that any given shmulus 1s
a reahization of a random process As proven by
Chubb and Sperling (198%b), if a stimulus 1s
microbalanced then the expected output of
every lIst-order detector (ERD or mouion
energy detector) will be zero Thus, Chubb and
Sperling defined a class of sumuh for which a
consistent motton signal requires a 2nd-order
motion analysts, and showed that the 2nd-
order analysis predicted observers' percepts for
several examples of the class

————
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The polarity alternation stimulus is not
microbalanced; any given frequency band does
show consistent motion, with the lowest spatial
frequencies signalling motion in the wrong di-
rection. This stimulus can be transformed into
a microbalanced one as follows: for each dot,
choose the contrast polarity randomly and inde-
peadently for every frame. Any given Ist-order
detector wil be just as likely to signal rightward
motion as it is to signal leftward motion since 1t
will either see the same contrast polarity across
any successive pair of frames or it will see
contrast polanty alternate, with equal prob-
ability. One question we examine in this paper
1s whether the motion signal available from
2nd-order mechamisms can be used to compute
3D structure.

We present two experiments. In the first, we
examine performance on a shape 1dentsfication
task for a varnety of KDE stimuli. Several types
of stimuli provide good Ist-order mouon.
Others are microbalanced and hence can only be
analyzed by 2nd-order mechanisms. Stll others
offer good Ist-order motion, but mvolve
camouflage similar to that available in some of
the microbalanced condiions. We find that
Ist-order motion 1s used, and that mput from
2nd-order mechanisms may also be used but is
not as robust In a second expenment, we
examine the residual shape percept from two-
frame KDE sumuli m order to determine
whether a single velocity field s 2 sufficient cue
for shape 1dentificaion or whether acceleration
also 15 needed

EXPERIMENT 1, POLARITY ALTERNATION,
MICROBALANCE, AND CAMOUFLAGE

In the first expenment, a shape discrimination
tash 15 used with a vanety of displays First, 1n
order to sensibly compare results to our pre-
vious work (Sperling et al , 1989, Dosher et al.,
1989b), there are control condinons that are
dentical to those of our préevious expeniments
(the “Mouion without density cue, standard
speed, standard intensity™ and “Motion with
polanty alternation, standard speed, standard
mtensity” conditions of the preceding paper). In
additson to dots, randomly positioned disks and
hines are also used here n order to examine the
effects of the foreground token used to carry the
motton The disk and line tokens are larger than
the single pixel dots. and hence have more
contrast energy They enable us to test whether
our previous failure to find KDE with polarity

alternation resulted from the low contrast
energy in the stimulus. Two forms of micro-
balanced stimuli are used, allowing us to test
KDE shape identification performance with
stimuli to which 1st-order motion detectors are
blind, Finally, we examine stimuii in which
moving textured tokens are camouflaged by a
similarly textured background.

Method

Subjects. There were three subjects i this
experiment. One was an author, and the other
two were graduate students naive to the pur-
poses of this expeniment. All had normal or
corrected-to-normal viston. There were shight
differences in the conditions for each of the
three subjects. These will be pointed out below

White-on-gray dot sumuli. First, we briefly
describe the sumul that consist of bnght dots
moving on a gray background representing a
vanety of 3D shapes This description will be
somewhat abbreviated, since the same stimuh
have been used mn previous studies and more
complete descriptions are available (Sperling et
al, 1989) The other sumuh used 1n the present
study result from simple 1mage processing trans-
formatnions applied to the white-on-gray dot
stimul,

Stimult were based upon a fixed vocabulary of
simple shapes consisting of bumps and concav-
iies on a flat ground. The 3D shapes vaned in
the number, position, and 2D extent of these
bumps and concavities. The process of generat-
ing the sumuh 15 iffustrated m Fig 1

The first step in creating a stimulus nvolves
the speaification of a 3D surface For a square
area with sides of length s, a circle with diameter
G 9515 centered, and three fixed points, labeled
1, 2 and 3, are specified For a given shape, one
of two such sets of pomts 1s used (the upward-
pointing tnangle or the downward-poimting tn-
angle, labeled u and d, respectively) The shape
15 specified as having a depth of zero outside of
the aircle For each of the three idenuified points,
the depth may be either 055,00, or =055,
which are labeled as +, 0, and —, respectively
The depth values for the rest of the figure were
intervofated by using a standard cubic sphine to
connect the three interior pomnts with the zero
depth surround Thus, there are 54 ways to
designate a shape u vs d, and for each of three
mterior pomts, + vs 0 vs —. We designate a
shape by denoting the triangle used, followed by
the depth designations of the three points in the
order shown 1n Fig 1A For example, u—~0
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(A}

400073000 ve00
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'
and tharr ¢ (A) Shapes were constructed by choosing one
of the two equilateral tnangies represented here Each point in the tnangles was given a positive depth
G1c toward the observer), zero depth, or negative depth, represented as +, 0 and —, respectinely A
smooth shape sphined these three points to zero depth values outside of the circle A shape 15 destgnated
by the choice of tangle (u or d), followed by the depth designauions of the three points 1n the order given
sn the figure (B) Some rep ¢ shapes g d by this procedure All shapes consisted of a bump,
concavity or both, with 2 vanation i1n posiion and extent of these areas (C) Shapes were represented
by a set of dots randomly panted on the surface of the shape, and wiggled about a vertical axis through
the center of the display The motion was a sinusoidal rotation that moved the object 5o as to face off
1o the observer's nght then s or her left, then back to face-forward (denoted /), or the reverse
{dznoted r)

Fig 1 Stmulus shapes

15 a shape with a bump in the upper-nuddle of  surround 1s continued outside the square) This
the display, and a concavity in the lower-left  collection of dots is rotated about a vertical axis

(Fig 1B) There are 53 distinct shapes, because
1000 and d000 both denote a flat square
Displavs were generated by sprinkling dots
randomly on the 3D surface generated by the
spline, rotating that surface, and projectiug the
resulting dot positions onto the image plane
using parallel perspective A large number of
dots are chosen umformly over a 2D area
somewhat larger than the s by s square, and
each dot’s depth 1s determined by the cubic
spline interpolant (where the zero depth of the

that is at zero depth and centered in the display.
The rotation angle 6(k)1s a sinusoidal “w.ggle"”
0(k) = £25s1n(2nk/30) deg, where k is the
frame number within the 30 frame display
Thus, the display either rotated 25deg to the
nght, then reversed its direction unul 1t faced
25deg to the left, then reversed its directuon
until 1t was again facing forward (labeled /), or
rotated in the opposite manner (labeled r, see
Fig 1C) The displays presented these 3D
collections of dots in parallel perspective
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as luminous dots (single pixels) on a darker
background

A stimulus name consists of the name of the
shape followed by the type of rotation (e.g
u + —0/), resulting in 108 possible names, Using
parallel perspective, there is a fundamental
ambiguity with the KDE: reversing the depth
values and rotation direction of a particular
shape and rotation produces exactly the same
display In other words, a convexity rotating to
the night produces exactly the same set of 2D
dot mottons as a concavity rotating to the left,
Thus, u+—0/ and u— +0r descnibe precisely
the same display type. There 1s also no differ-
ence 1n display type among 000/, u000r, 4000/
and d000r. This results in a total of $3 distinct
display types.

These experiments used 54 white-on-gray dot
displays, tncludirig two nstantiations of the flat
stimulus 2000 (with different dot placements)
and one nstantration of ecach other display type.
Each set of dots was windowed to a display area
of 182 x 182 pixels (corresponding to the s x s
square), with dots presented as single luminous
pixels.

When the dots on the surface of a shape move
back and forth in the display. the local dot
density changes as the steepness of the hills and
valleys changes (with respect to the Iime of
sight) In previous work (Sperling et al.. 1989),
we showed that this density cue 1s nerther
necessary nor sufficient for the percepuon of
depth However, 1t 15 a weak cue which one of
three hughly trained subjects was able to use for
modest above-chance performance when 1t was
presented in isolation In other words, changing
dot density 1s an arufactual cue to the task As
In previous expertments, we remove this cue by
deleung or adding dots as needed throughout
the display 1n order to keep local dot density
constant, As a result of this mampulation, all
displays had approx 300 dots wistble in the
display window The removal of the density cue

results i a small amount of dot scintillation:
that neither lowers performance substantially
nor appears to be useful as an artifzctual cue
(Sperhing et al,, 1989, 1990).

Other tokens. The 54 stimuli described so far
consisted of luminous dots moving to and fro on
a less lummous background. All other stimuh
were based upon these displays. First, three
condittons involved changes of the token that
carned the motion. The moving dots were re-
placed with disks, patterned disks, or wires, We
refer 1o the dot, wire, and disk conditions as
white-on-gray stimuli, and the patterned disks
as pattern-on-gray.

To create a disk stimulus, a dot stimulus 15
modified in the following way. Each luminous
dot in the stimulus ts replaced with a 6 x 6 pixel
luminous diamond centered on the dot
(Fig. 2b), which appears disk-like from the
viewing distance used 1n the expenment A
sample image of white-on-gray disks 1s depicted
in Fig 2c, and 1s based on the white-on-gray dot
sumulus frame shown in Fig. 2a.

The pattern-on-gray disk stmul are gener-
ated 1 a smular fashion. The 6 x 6 diamond
consists of 24 pixels which are a mixture of
black and white (12 of each) These are dis-
played on an intermediate gray background
The diamond pattern and a sample sumulus
frame are shown in Fig 2d and e, respectively
Note that the diamond pattern has an equal
number of black and white pixels in cach row

Other sumuh were based on *wires™ Each
dot was connected by a straight hine (subject to
the pixel sampling density) to all neighbors that
were at a 2D distance no greater than 15 § pixels
(Fig 2f). Note that a vector 1s drawn between
two points based on their distance in the image.
not on therr simulated 3D distance. Since the
lines were stratght, when set in motion they
objectively define a thickened surface with lines
cutting through the intenor of cach bump and
concavity This may have yielded a perceived

Fig 2 (opposte) Sumulus dsplay generation for expt | (2) A single frame of a white-on.gray dots
stmulus All displays shown i this figure are based on this sumulus frame (b) The dramond shape used
10 gencerate the disks from the dots (¢) A white-on-gray disks sumulus frame (d) The patterned drariond
for the pattern- >n-gray condivon (¢} A pattern on gray frame (f) A white-on-gray wires frame All pairs
of dots 1n Fig 2A were connected whose mter-point distance was less than 1§ 5 pixels (g) A frame of
dy gray dots In this cond cach dot was painted black or white randomly and independently
with probability of 0 § for cach color (h} A frame of dynamic.on-gray disks The same procedure as 1n
(g) was applied to cach pixel lying in each disk (1) A frame of dynamic on-gray wires ()) A frame of
Jdynamu¢ on state disks For both dynamic-on-static conditions (disks and wires), the tokens and the
background consisted of random dot noise and so the tokens cannot be discerned from a single static
frame (k) A frame of the pattern on-static condition Thus frame contains 300 copies of the pattern in
1d) on a stauc noise background The camoufage 1s quite effective (1) An enlargement of the central
portion of (R} with the patterned disks emphasized




SO

4 '-‘[- 3
;m e

W th‘\i::‘!.
BSETVR
ald n‘ﬁ’égéd

‘({,f,;%{"‘. Irg
0
d «‘a‘i““y, TG

S ’:“"é;'i

3 &

&
o \ix\:\:{??

SRR

Vi

i
{3

,%L

k 1

Fig 2

869




KDE and optic flow=-11 867

(tesselated) surface having slightly less relauve
depth than the base surface. The choice of 15.5
pixels as the criterion for drawing a line was a
compromise set in order to make sure that all
sumulus dots became an endpoint to at least
one line, and that no line was so long as to
excessively cut through the simulated surface.

The white-on-gray disks and pattern-on-gray
disks were based on the dot stimuli. The same
exact instantiations were used in all three con-
ditions. The nth frame of a given shape and
rotation consisted of cither dots, disks or pat-
terned disks centered on the same set of image
positions For the wire stimuli, a new set of 54
instantiations was made.

Dynamic-on-gray. Three types of stimuli
were used to explore the motion of patches of
dynamic noise moving on a gray background.
These sumuli are microbalanced. as we dis-
cussed in the previous section, These sumuh are
derved from the dot. dick, and wire shmult To
produce a dynamic-on-gray sumulus from a
white-on-gray stimulus, ssimply change the lumi-
nance of cach white pixel in each stimulus frame
(e the foreground or token pixels) to black
randomly and independently with probability
05 Thus foreground pixels undergo random
contrast polanty alternation while background
pixels arc gray (1.e have zero contrast) Sampls
frames are illustrated n Fig. 2g. h and :

Dvnanuc-on-stane Two types of sumuh were
used to explore the motion of paiches of
dvnamic noise moving on a stauic noise bach-
ground This class of sumuli 1s also nucro-
balanced (Chubb & Sperhing, 1988b) We denive
dvnamic-on-static sumuli from the dish and
wire simul The foreground pixels consist of
dvnamic noise, just as in the previous dynamc-
on-gra\ case The background piaels consist of
a static frame of patterned texture, where each
pinel 1s randomly chosen 1o be either black or
white with a probabiiy of 0.5, just as the
dynamc noise is If a given pixel 15 a back-
ground posiion for two successive frames.
then 1ts color does not ~hange If that posiuon
15 a foreground pixel . erther or both frames,
then there 15 a 50% chance that 1ts color will
change A smgle frame of dynamic-on-static
stunulus 1s simply a frame of random dot noise
(Mg 2)) The motion-carrying tokens are not
discermble from a single frame Rather, the
areas of moving dynamic noise define the
foreground tokens

Contrast polaruv alteration Three sumulus
condittons nvolved contrast polanty alterna-

tion This stimulus manipulation was explored
thoroughly for dot sumuli in the preceding
paper (Dosher ¢t al., 1989b) In this condition,
the motion-carrying tokens alternate from white
to black to white again on successive frames, all
against a background of intermediate gray.
Constrast polarity alternation was used with
dots, disks, and wires, resulting 1 three polarity
aiternation conditions,

Pattern-on-static, The final condition in-
volves pattern camoufiage. This condition is
denved from the pattern-on-gray stmuli. The
gray background is replaced with a frame of
static random dot nose. In other words, the
pattetned disk tokens move to and fro 1n front
of a screen of static random dots, occluding it
(and occasionally each other) as they pass by. A
frame of this stimulus conditton is pictured n
Fig 2k, and enlarged in Fig 21, where we have
artificially highhghted the patterned disks for
comparison to the pattern kernel shown in Fig.
2d. There are approx, 300 patterned disks n
Fig. 2k, As you can see, the camouflage is quite
effective. When the patterned disks move, 25 one
might expect, they are easily visble (Julesz,
1971).

Display details. There are a total of 13 con-
ditions (3 white-on-gray, 1 patiern-on.gray, 3
contrast polanty alternaton, 3 dynamic-on-
gray. 2 dynamic-on-static. and 1 pattern-on-
static) There were 54 distinct displays for cach
of the 13 conditions In all conditions, the
displays are windowed 1o an area of 182 x 182
pixels Displays were computed using the HIPS
image precessing software (Landy. Cohen &
Sperling, 1984a, b). and displayed by an Adage
RDS-3000 image display system.

Subjects MSL and JBL viewed these simult
on a Conrac 7211C19 RGB color momior Only
the green gun was used, and so simub appeared
as bright green and black pixels (as dots, disks,
lines or noise) on a green background of inter-
medrate lurmnance. The stmuli subtended
37 x42deg Stmuh were viewed monocularly
through a dark viewing tunnel, usmg a circular
apertue which was shghtly larger than the
stimult

Subject LJJ viewed the stimuh on a US
Pixel PX15 black and white monuor with
a Pd.hike phosphor Here, sumull subtended
29 x 29 deg, and appeared as white and blach
pixels on an mtermedrate gray background
Stumuh were viewed monocularly through a
crcular aperture in cardboard which approxi-
mately matched the hue of the displays, and
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which had approximately the same luminance as
the stimulus background.

Each sumulus consisted of 30 stimulus
frames. These were presented at a 60 Hz frame
rate. Each frame was repeated four times, result-
ingin an effective rate of 15 new sumulus frames
per second. Each stimulus lasted 2sec. A trial
sequence consisted of a fixation spot, a blank
interval, the 30 frame stimulus, and a blank. The
fixation and blank lasted cither for 1sec each
(subjects MSL and JBL), or 0.5 sec cach (subject
LJJ). The background luminance remained con-
stant throughout the trial sequence. Subjects
were free to use eye movements to acuvely
explore the display. Stimuli were viewed from a
distance of 1.6 m. After each stimulus display,
subjects responded with the name of the shape
and rotation direction using either a computer
keyboard or response buttons

Shghtly different image luminances were used
for each subject. The background luminance for
subjects MSL, JBL and LJJ were 31.0, 40.0 and
45 0 cd/m*® respectively Since 1solated luminous
picels were used, the appropriate unmit of
measurement 15 exwra pcd/pixel for bnight
pixels, and revoved pcd/pixel for dark pixels, all
at a speaified viewing distance (Sperling, 1971)
Sumuh were calibrated so that extra ucd/pixel
and removed pcd/pinel were equal. For subjects
MSL, JBL and LJJ, these were 132, 192
and 157 ucd/pixel, respectively, at a viewing
distance of 16m Contrasts were nommnally
100°%

Procedure There were 13 sumulus conditions.,
For each condion, there were 54 sumuli (two
nstantations of the flat sumulus #000, and one
instantiation of each of the 52 other possible
distinct shape, rotation combinations) This re-
sulted in 702 sumuh, each of which was viewed
once by each subject. These 702 tmals were
viewed in random order 1n six blocks of 117
tnals On a given tnal, a sumulus was shown,
subjects keyed n their responses, and then
feedback was provided so that we measured
the best performance of which the subject
was capable. Each block lasted approx 1hr.
Subjects ran several practice sessions on the
white-on-gray dots condition before data
were collected Given the mix of sumuk 1n
a given condition, guessing base rates for
the 1dentification of shape and rotation direc-
ton were between 1,53 (for a strategy of
random guessing) and 2’54 (for a strategy
o always answering #0000 or ome of s
equivalents)

White  Cotrast Dynamic Oynardc Pattarn  Pettem
o Solartty on on on on
Gy Atemetion Grey  Sutic Gy Sutc
100 w
» Doty
O Diss
. wie

Percend Comtect
k3
STTTTETTT T

Percent Correct
3

L et st St A ]

Wivte  Contrant Dyramic Dynamis Prttem  Prtween
on  Pomy  on " on on
Grey Aremation Gy sute  Grey

Stave

Fig 3 Results of expt I Results are given for three subjects

Different symbols in the bars represent different tokens

\large open dots for the disk and patterned disk tokens,

small solid dots for the dot tokens, and astensks for the wire
tokens)

Results

The resuits for the three subjects are summar-
ized in Fig 3 Each performance measure given
here 15 the percent correct over 54 tnals We
discuss each class of stimulus condition in turn

White -on -gray | Pattern-on-gray. As ex-
pected, the performance on the three white-on-
gray and the one pattern-on-gray condition was
umformly hugh The tokens provided excellent
motion signals because they were moving ngid
areas of high contrast It did not particularly
matter whether we used dots, as 1n our previous
stuches, wires, as in the early wire-frame KDE
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work (Wallach & O'Cozecll. 1953). disks. or
pattemed disks. The disk 2nd petzned disk
stimuli provided very soag pescepis of shape,
2hthough the disks did not undergo realistic
foreshorieaing as they rowzied. In fact, the dot
stimulj gave the weakest percepe 3f deprh. These
tokens had the Jeast contrast energy (Le. wese
the smalles:), and hence were barder to detect.
Subject JBL hzd the greatest difficulty in seeing
these small dots. and his results show a slight
drop in performance for the dos stimvh.

Dyramiz-on-gray. The moiion of 2 1o}
filled with dynamic random do: noise moving
on 2 gray background is microbalanced. In
other words, Ist-order motion deiectors ase
~blind™ to thit stimulus. The expected value of
the ouiput of such 2 detector is zero (2c70ss
random realizations of the simulus). Simple
2nd-order mechanisms (e.g. tsing rectificzion)
serve to reveal the true motion.

The results for tares subjects are somenhar
differen; For o subjeats (LJJ and JBL),
performance is always at or near chanee (less
than 10% correct in all cases). although for
subject LJJ with the dynamic-on-gray dots the
performance 15 sigmificantly  above chance
(P < 0.05) On the other hand. for subject MSL.
performance 1s 2lways well 2bove chance

*In orcer to o5t the range of lemunances over whxh poranny
alicration was sccine far 2 cOnld] expenmen:
(using MSL and JBL as subects) where 2 vanens of
waite pasci luninanors nere used with 2 pives baack pexel
leminance We vizwed 2 vansis of dymaruc-on-gran
displays varvang the Jununance values for tn2 black 2n¢
white pixels independentiv over 2 wide range Ve also

tested 3 vanens of other lumirznes cal pro-

(24-39% comrex idemtiScetions). bt far kess
than Eis prasdv pesfac: (85-93% comres) per-
formanee with wiite 07 peticrn tokens oa zo2y.®
The 1st-05d2r moB0s mechanisms are cleashy
the most eFective input to the KDE sysiem,
since eliminatizng motion detectable by Ist-order
for 211 subjects. The reschs for subject MSL
suggest that 2nd-order motion mechanisms c2n
2lso be used. Oa soms trizlks, fragments of the
microbalanced stimuli did appeas 3D to this
subject (onz of the zuthors), especizlly in the
fovezally-viewzd postion of the siimulus. To rzise
his pesformance Jevel, he used sophisticared
guessing swategics based on active eve move-
rients and Jocal measuremests £ motion or
thres-dimensionality in the fov. a2t 2 small
number of locaiions of the aisplay. Bur. these
strategies only serve 10 bring perfonmance up to
mediocre levels in comparison with performance
with rigid white-on-gray mouon.
Dyngnuc-on-static. The dynamic-on-siatic
mzmpulation also results in 2 micro-balanced
siimulus. For the dvnamic-on-siauc coaditions,
pesformance 1s at chance level for 21l thres
subjects. and for both wire disk tokens. As with
the dynamic-on-gray conditions, the motics of
the 1okens 1s vistble. It 1s not paruculzsiy
difjcult 1o deiect the motion of 2n 2rea of
dynamic notse on 2 stauc noisc tackground
(Chubb & Sperling. 1988b). However, this sort
of mouon engenders no shape percept whatever
under the condiions of our expenments,
Unhle dynanmuc-on-gray sumuli, dynamic-
on-stanic sumul are not revealed by contrast
rectificaon  Detecion of the motion of 2 re-

cecutes Dvnamuc-on-gray sumub 2re omi. micro-bal-
anced of the contrast energy of the whie mixcls o the
same as that of the black piels And. 1t 15 Jifficul 1o

hibrate the h of :ndividual pixels embedded in
2 complex displas 1exture gve~ that tae desired pattern
18 first fow-pass filtered by the CRT video ampisfier. and
then passe” throvgh the gun nealineanty (sez Malligan
& Stone, 1989, fos 3 full discussion of this pont) Thus,
it was important 1o ven®y (hat our results were robust

gion of flicker requires more elaborate 2nd-
order mechanisms. Regions of flicker could first
be detected by applying a hincar temporal filter
(such as differenttauon). followed by recufi-
cavon, and then by apphication of a Ist-order
motion mechanitm Some such complex 2nd-
order metion detector exists 1n the human visual

over a sange of | values (| the cab-
brated equal contrast point
To shape e (f 3

consistent with the results of expt 1 for a rezsonzbly wide
range of white pixei Juminances Subject MSL consist-
ently pesforms a1 moderate Jevels, and subpct JBL
consisiently performs at or near chance The lum-mance
levels yielding poor shape idenufication performance are
vonsistent with the fevels (hat rasult in the weanest 3D
pescept and are 1oughly consistent with the fuminance
fevels that 2ce balanced (black pixel decrement vs white
pixe] increment) for a vanety of calibrauion displays The
performarnce Jeve.s for dynamic-on gray stimub 1n expt
1 do not resv.t from a muscahibrae on of iwmimance fevels

ystem, since we are capable of seeing areas of
flicker move, including in the displays of our
expenment (ac Jeast with scruuiny) Yet, this
2nd-order motion detection system does not
support the structure-from-motion computation
for our dynamic-on-static stimuli

Prazdny (1986) reached the opposite con-
clusion using dynamic-on-static displays repre-
senung simple wire objects rotaung in a
tumbhng motion Each object contained five
wires. and subjects were required to identify the
object among six alternative wire-frame objects
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The displays were 7 x 7deg, 224 the wires were
sever2l pixels ik, Parfosmance was guite igh
in the task for five sehjects. Aliborzh we have
some resevations zbout the expesimental
metbod extployed by Prazdny, we have gener-
2ted semilar dsplays ia our t2boratosy, 20d ozr
dymamic-on-stanc wire-frame displays do yisid
2 shepe pescept whea displays a2z restricted to
2 smazll sumber of wires.

The most Ekely explanation of the difference
betwesa our sesults and those of Prazdny in-
vehes the difference in spatal resolution re-
quired by cach task. Chubb and Sperding
(19882) have demonstraied that 2nd-osder
motion systems have less spatial resolution than
the Ist-order miechanisms, and that their resol-
ution drops precipitously with increases n reti-
nal eccentricity. In our displays. motion was
about a vertical ans using paralle] perspective.
and hence all mouon was along the honzontal.
There could be as many as 10 or 20 disks or
wires 1n a given row of the image 1o resolve. Our
displays did not yicld a global percept of opuc
flow. but motion was perceived foveally with
scruuny. Tiis 1s entizely consisient with Chubd
and Sperling’s observation. Prazdny did not
aive prease details about his sumuli, but it was
clear that along 2 given mouon path there were
only two or three wires to resolve across his far
larger display Performance was so low in our
dynzmuc-on-static condittons beczuse too much
spanal 2cuity was requirea of the 2ad-order
svstem that detects the motion of flickering
reg:ons.

How useful for percepuon of shape 1s a
display of dynamic noise figures moving on 3
static noise background? We have exanmined a
large number of disk and (thick) wire displays
n order to span the gap of spatial resolution
tetween Prazdny’s displays and our own. With
our 3 x 3deg display size, a shape percept can
only be achieved by using a very small number
of tokens (around 5-10). These displays con-
sisted of rotating disk tokens Cavanagh and
Ramachandran (1988) suggest an altemnative
explanauon of the difference between our results
and those of Prazdny. They consider the crucial
difference to be that the objects portrayed i the
Prazdny displays were connecied (one long wire
figure), whereas our displays consisted of separ-
ate disk tukens. With our ware displays. almost
no 3D percept was achieved for the dynamic-on-
static conditton. In addition, we were able 1o
achieve a 3D percept with displays of a small
number of dynamic-on-static disks Thus, we

Mo S Laova 2l

feel k2t Jow spetial resolzfion i the 2od-
ordsr moton system (r2iber than voconnscted
tokers) 1s the Exely explanation for f2ilusz of
KDE.

Cortrest poleriss lterrcrion. Pesformance is
grite poor for the coatrast polasity-altzrnatling
dots 2s it wa2s 13 the previons paper (Doshes et
al, 1939b). For two subjets (JBL and L1J)
pesformance is at chanee or insignificantly
2bove chance. For subject MSL, pesformance is
low (11% correct) but significantly 2bove
chanee (P < 0.05). On the other hard, when the
token is changed to disks or wires, performance
rises substantially. Contrast polarity 2ltemation
is noi as devastating a stimulus manipulation
for disks 2nd wires as it is for dots.

For Ist-order motion detection mechanisms
sech as the Reichardt detector. contsast polasity
aliernation causes the strongest responses 1o be
in the wrong direction. Yet. the intended motion
c2n be detected quite accurately if a 2nd-order
detector is used that first applies 2 luminance
ronlineanty followed by a Reichardt detector.
The pnmary difference beiween the dots on the
one hand. and the disks and wires on the other.
is that the disks and wires have more pixels
illuminated. In other words, they have more
contrast energy. and in particular thay have
more energy at lower spatial frequencies. Thus,
the disk and wire stimuli sbould stimulate both
the Ist- and 2nd-order motion detection systems
more strongly, resulting in stronger ncorrcct
direcion information trom the Ist-order
sy<tem as 2 whole, but also stronger information
from the 2nd-order system. and stronger
direciional information in those selected 1st-
order frequency bands which signal the correct
direction

It 1s interesting to note that a large number of
the errors made by observers with polanty-alter-
nating stimuh were errors in the direction of
rotation only, with the shape specified correctly
For example, for 2 sumulus which had as
correct answers either u ~ — 0/ or u— =+ Or, the
subject incorrectly responded with u -+ —0r or
u— + 0/, rather than with any of the 104 other
possible incorrect responses. This effect was
largest for the disk tokens. In a separate control
expeniment, for contrast polanty-aiternating
disk sumuli, 39% of the errors made by subject
MSL were only an error in the speaification of
direction. compared to 1.4% direction ¢rrors
for the dynamic-on-gray conditions For subject
JBL, the corresponding values were 48% and
$6% For the polanty-alternatung disks, on
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trizks when subject MSL correstly identifisd the
stzpe, there was 2 33% chanes that he would
nésideniify the direction of rotztion (for JBL:
23.3%). We bebiove that 2ccrrate shape ideatifi-
cation in this condition primarily refiscts re-
sponses construsied from selscted Ist-order
information. One str21egy was simply 10 specify
the opposits rotation direction to that which
was perecived! The displays did, bowever, oc-
casionally 2ppear to be 3D with the comreat
direction of motion (2t eestzin times during the
rot2tion, or dose to the location to which the
eves were directed), indicating 2 residual 2nd-
ordss motion: input to the KDE systen. The fact
that these displays only appeared foveally 1o be
rotating in the comect direction. 2nd then only
using the larger tokens, is consisient with 2
2nd-order motion deicction sysiem with Jow
contrast sensitivity and low spatial resolution
(2s has been demonstrated by Chubb &
Sperling. 1988b). 2nd morve seasitive in the fovez
(Chubb & Sperling. 1928a). In summary, we
kave some indication that 2nd-order motion
detection mechanisms can be ustd 1o desive 3D
structure, but they are far less robust and have
poorer spatial resolution than 1si-order motion
mechanisms

Pattern-on-sianic. For all three subjects per-
formance with pattern-on-stauc dispiays 1s quite
poor (9. 26 and 33% corrrect). z2lthough 1t s
significantly above chance Ievels in all cases
(P < 005). This poor performance results from
a nusmaich of resolution and temposal
samphng The patierned disks are quite de-
tailed hugh frequency. The disks are 6 pixels in
diamsier, and can move as far as 8.3 pixels in
one frame This speed 1s only achieved by disks
at the top of a peah when 1n the muddle of the
display (e near frame numbers 0. 15 and 29).
but many disks are moving 3-5 pixels per frame
High frequency spatal filters which are required
to 1denufy the dsks must correlate across
frames with filters that are far more than 90 deg
away 1 the phase of their peak spanal fre-
quency A typical Ist-order detecior will not
compare spatial regions that far apart in order
to avoid spatio-temporal ahasing (van Santen &
Sperling, 1984) Thus, the clearest motion sig-
nals are coming from the slower areas in the
display, which are the least useful for discnmu-
naong the shapes We have examined pattern-
on-static Jisplays with finer temporal sampling
(60 new frames per sec, as opposed to 4 repaints
of 1S new frames per sec used in the exper-
mment), and they give a strong impresston of

tbree-dimension2lity. Thus, poor pesformance
in the t2sk sesulted from eadersampliog is time
of the simuli, which nterferes with Ist-order
(2ad some 20d-05d27) wrswon mechanisms, and
good KDE can result from the motion of tokeas
which are camonflaged when 21 rest.

We kave also examined dynamic-on-static
displays with finer tempora] sampling (60 new
frames per sec). These displeys yield no im-
pression of three-dimensionality. The poor re-
sults for dynamic-on-static displays do wot
result from insufiicient sampling in tme. Also,
since finely sampled pattern-on-siatic displays
do z2ppear 3D, poor pesformance with dynamic-
on-static-displsys does not result from the
camouflage of the tokens when at rest. Rether,
dynamic-on-siatic displavs vizld no effective
KDE because of the low resolution of the
2nd-c-der sysiem required 1o analyze the
motion.

EXPERIMSNT 2. TWO-FRAME KDE

The first experimen: shows thas ascusate per-
formance in shape identification is dependent
upon a giobal (psimarily Ist-order) opuic flow. If
a stimulus manipulation makes that opiic flow
noisy or otherwis sferes with the optic fiow
computation, there .5 httle or no KDE. This
occurs even though foveal scrutiny does reveal
the motion n these displays.

If the pereept of surface shape depends upon
2 global opuic flow. then we should be able to
gei reasonable shape idenuficauon performance
from any stumulus that results 1n a strong pes-
cept of opuic flow In particular, the extended
(2 sec) vizwing conditions of expt 1 should not
be necessary. Two frames are obviously the
mmmum number of frames that can wield 2
percept of mouon. and two frames should
suffice. In the second expsnment. we investigate
the accuracy of performance n the shape
identificanion task for two-frame displays.

Method

Subjects There were two subjects in this
experiment. One was an author, and the other
was a graduate student natve to the purposes of
this expenment. Both had normal or corrected-
to-normal vision. There were shight differences
in the conditions for each of the two subjects
These will be pointed out below.

Stimuli and apparatus The sumuh were simi-
lar 1o the white-on-gray dot sumuli from expt 1
Sumuli were gencrated from the same set of 3D
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shapes, using the same dot densities, and pro-

jected in the same way. The local dot density

w2s kept constant using the same scintillation
procedure. New stimuli were computed, two of
the flat shape, and pne of each of the other 52
shapes, resulting in 54 displays.

Each display consisied of 11 frames, rotating
from 20 dzg left to 20 deg right n increments of
4 deg per frame. The middle frame (number 6)
was face-forward, as was the first frame of each
display in expt 1. Two-frame stimuli consisted
of a presentation of the middle frame followed
by one of :he other 10 display frames. This
resulted in either a leftward or rightward ro-
tation of 4-20 deg betwr :n the two frames _fthe
display. A single trial display consisted 0f 0.5 sec
of 2 cue spot, 0.5 sec blenk, the first frame, an
inter-stimulus Blank interval (or ISI), the second
frame, and 2 blank. Each stimulus frame was
repzinted four times at 60 Hz, for a totat dur-
ation of 67 msec. Wz define the 1SI 10 be the
time interval between the onset of the last
painung of the first stimulus frame and the onses
of the first painting of the second stimulus
frame. For example, when no blank frames were
used, the ISI was 16.7msec. Displays were
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182 x 182 pixcls, and wese presented using the
same apparatus and viewing conditions as for
subject LJJ in expt 1. The background lumi-
nances for subjects MSL and L3J were
15.6 cdfm® 2nd 5.0 cd/mr’, respectively. The cor-
responding dot luminositics were 26.8 and
15.7 extra pcd/dot, respectively. Nominal con-
trasts were huge (i.c. nominal Weber contrasts
of 500% or more).

Procedure. The 1ask was shape and rotation
identification. Subjects keyed their responses
using responss buttons, and received feedback
on the display after their response. Three groups
of trials were run. In the first, the ISI was
16.7 msee, 2nd rotation angle between frames
was varied from 4 to 20deg. Siace the second
frame could be chosen from either the frames
preceding or succeeding the middle frame
{rotation to the left or right), this resulted in 550
possible stimuli (54 displays., 2 directions, 5
rctation angles). These were run in random
order in 4 blocks of 135 trials. In the second
group of tnals, rotation was kept constant at
4deg. ISI ranged from 16.7 to 83.3 msec. This
again reslted in 540 tnals presented in random
order 1n 4 blocks of 135 tnals. In the third group
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of trals, both rotation angle 2nd ISI were
varied. The ISIs were cither 16.7 or 33.3 msec.
For subject MSL, the rotation angles were
cither 4 or 12deg. For L), they were either §
or 12deg. These four conditions (two rotation
angles by two ISIs) resulted in 432 trizls which
were presented in random order in 4 blocks of
108 trials.

Resulss

The results are shown in Fig. 4. Each data
poini 15 the pereent cosrect over 108 trizls. Asis
evident from the figure, shape identification can
be quite hugh for these minimal motion displays
(for symilar observations using different exper-
imental methodology, sez Braunstein, Hofiman,
Shapiro. Andersen & Bennett, 1987, Lappin.
Doner & Kottas, 1980, Mather, 1989, and Peter-
sik. 1980) For an ISI of 16.7msec (Fig. 4A),
this entire sequence lasted only 133 mses. Yei,
performance was as high as 54.6% for subject
LJJ. and 88.9% for subject MSL (62 8% and

3 2% of thair white-on-gray dots perimmance
i expt 1. respectively) Two frames of moving
dots are sufficient for accurate, although not
perfect
performance in this shape identification iash
Since these expenments were first reposind
(Landy. Sperling. Dosher & Perkins. 19%7a
Landy. Sperhng. Perkins & Dosher. 19570)
Todd (1988) has also shown above-chance KDE
performance for two-frame sumuli. although in
his paradigm the two frames are repeated sev-
cral umes before a response 15 made

Rotation angle and fixanon Performance as a
funcuon of rotauon angle between the wwo
frames 1s given 1n Fig 4A Performance de-
creases with increasing angle of rotation for
subject MSL For subject LJJ, performance
reaches a peak at $deg. and decreases for
smaller and larger rotanons The decrease n
performance with larger rotation angles is to be
expected. since the correspondence problem be-
comes increasingly difficuli as dots move farther
from therr imuial posiions One mught also
expect performance to drop as rotation angle
decreases to zero At extremely small rotation
angles, the remaming motion would fall below
threshoid In our displays, the drop with small
rotation angles might be expected to occur even
sooner as the small motions 1n the display
became corrupted by poor spatal sampling
(inter-pixel distance was approx. | min arc)
This drop was only seen in the data of L1J, and

Y <Ll

presumably would be seen in those of MSL if he
had been 125ted using smaller rotations.

In a previous paper (Dosher et al.. 1989b), we
found that adding a blank interval betwesn
successive frames of a 30 frame KDE stimulus
reduced shape identification to near chance
performance. This was explained by reduction
of power in the stimulus to the Ist-order system.
This effect is also seen here, where performance
decreases monotonically with increasing 1SI
(Fig. 4B). Subject L1J performs at chance levels
with a 50 msec or greater ISL, whiie subject MSL
is still slightly above chance performance with
an 83.3msee ISL

Tune and distance. In the previous two groups
of trials, there was 2 confounding between the
stimulus manipulation (rotation angle or ISI)
and doz velozity. Greater rotation angles at 2
fixed (16.7 msec) ISI produced greater velociues
Similarly, greater ISIs at a fixed 4 deg rotation
angle resulted in smaller velociues. If perform-
ance were simply 2 function of velocity, then
rotation angle and ISI should trade off. In Fig.
4C we present the results of varying both 1SI
and rotation angle factorially. We used a differ-
ent set of rotations for subject LIJ than MSL
based on the results in Fig 4A, so that for both
subjects the performance was expected to de-
crease with increasing rotauion angles Ascan be
seen in the figure, the two vanables do not trade
ofi as would be expscted 1f performance were
oniy a funcuon of velocty, or rotation speed
Increasing rotauon angle increases the difficulty
of the correspondence probiem Increasing 1S1
causes increasing problems for the motion de-
tecion system Both mampulatons degrade
performance 1n an addiuve fashion This obser-
vauon contradicts Korte's (1915) 3rd law of
appareni mouon perception, which states that
an increase 1n 1SI must be count. -acted by an
increase 1n distance traveled for strong apparent
motion In Fig 4C, Korte's law predicts a
cross-over interaction, which s strongly dis-
confirmed However, Burt and Sperhing {19§1)
show that ume and distance have independent
addiuve effects on the strength of the apparent
motion of dot sumul, which agrees with the
present results

KDE from opuc flon Accurate KDE per-
formance requires a global opuic flow When
that optic flow 1s produced by a minimal motion
stimulus—a two-frame display—the shape per-
cept may be fragile and easily degraded by a
vanety of sumulus mampulations The sumuh
are quite bnef in this paradigm and, by subject
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reports, appear as a collection of dots moving
at various speeds, ie. “Jook like™ an optic
flow. On some trials, only patches of planar
motion are perceived, and the shape response
is generated cognitively. On other trials, a
3D surface is perceived. On some trials the
optic flow is perceived and so is the shape,
but the shape percept is only “felt” after the
display is over. As we discussed extensively in
our first article on the shape identification
task (Sperling et al., 1989), KDE is inextricably
tied with the percept of an optic flow. It can
be very difficult to differentiate empirically
between a judgment based on a 3D percept
and performance based on an alternative strat-
egy (computationally equivalent to that re-
quired for KDE) using a remembered set of 2D
velocities.

Reasonably accurate performance on the
shape-and-rotation identificaion task results
from only two frames of 300 points. In the
computer vision literature. there have been sev-
eral studies of the structure-from-motion prob-
lem resulting in theorems of the following form
“m views of n points under the following restric-
tions of the motion path suffice to determine the
3D structure up to a reflecuon™ (Benneut &
Hoffman, 1985. Hoffman & Bennett. 1985,
Hoffman & Flinchbaugh, 1982, Uliman. 1979)
It has bezn suggested that these mimimal con-
ditions for structure from motion also govern
human perception (Braunstein et al, 1987,
Petersik. 1987) The particular models just men-
tioned do not have any prediction concerning
performance in the 300 ponts, 2 views situation
used here An excepuion is a recent paper by
Bennett, Hoffman. Nicola and Prakash (1989),
where it 1s shown that there 1s a one parameter
family of possible interpretacions for two frames
of four or more points This famuly i1s parame-
tenized by the slant of the axis of rotation (as in
the “1sokinescoprc displays™ described by Adel-
son, 1985), and the paper does not deal explic-
itly with rotation axes in the image plane, as
used here. On the other hand, models that
compute 3D structure based only upon a single
velocity field do allow for this performance
(Longuet-Higgins & Prazdny, 1980, Koenderink
& van Doorn, 1986) We take our experimental
results as evidence for optic flow-based methods
for the KDE, as opposed to models requiring
three or more views In particular, our results
strongly rule out models that require measure-
ment of acceleration 1n addition 10 velocity (e.g
Hoffman, 1982)

Structure-from-motion computation may
improve its 3D representation with additional
information {e.g. with additional frames,
Grzywacz, Hildreth, Inada & Adelson, 1988;
Hildreth & Grzywacz, 1986; Landy, 1987;
Ullman, 1984). The shape in our two-frame
displays does not always appear to have the
depth extent that results from the 30 frame
displays of expt 1, and two-frame performance
is reduced relative to 30-frame performance.
The shape identification task can be solved by
knowing only the sign of depth and direction of
motion in each spatial location (up to a reflec-
ton), without accurately estimating cither vel-
ocity or the amount of depth.

DISCLSSION

Two expenments investigated the type of
moton detection mechamism used as an input to
the structure-from-motion system. Performance
in the shape-and-rotation identification task
was accurate regardless of the token used to
casty the motion. as long as that token was
presented with constant contrast polanty (the
white-on-gray and pattern-on-gray conditions).
The performance decrements seen with contrast
polanty alternation and the two microbalanced
conditions add further ewidence to the con-
cluston of Dosher et al (1989b) that Ist-order
motion detectors are the pnmary substrate for
the computation of shape. In addition, there are
indicauons of an input to the shape compu-
tation from 2nd-order motion mechamsms,
which 15 weak. low in spatial resolution, and
concentrated at the fovea. 2nd-order mechan-
1sms that require temporal filtening (1.c detec-
tion of flicker) prior to a point nonhnearnity were
useless here because of the spatial resolution
required by our sumuli. These sorts of detectors
would only be useful for KDE displays involv-
ing a small number of moving features, rather
than the densely sampled opuc flows required
for the determination of precise shapes of
curved surfaces from motion cues The results
from the two-frame expenments reinforced
these conclusions. They also demonstrated that
detection of instantancous velocity is sufficient
for KDE, acceleration 1s not required, nor are
more than two views,
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MEASURING THE SPATIAL FREQUENCY SELECTIVITY
OF SECOND-ORDER TEXTURE MECHANISMS

Anne Su:zer, George Sperhing, & Charles Chubb
Human Inf Pr g Lab y, New York U y. NY, NY 10003

Recent srudies of texture and monon perocpnon suggest two paralie!
processing systems: & ﬁrsl-o"dc: system consisung of sclecnve hnear fikers
and a sccond-order system an which
preprocessing (cons\snng of an 1mal stage of hnear filtening followed by
rectification) precedes subsequent stages of selective hinear filtenng and detection
Hm wc me2sure. two pmpan.s of the second-order system. the contrast

y as a fi of spatial fr y (MTF) of 1ts second-
stage filters, aad the relzuon of mmal spana! ﬁlxmng 0 second-smgc selecavity
To d the MTF, lds were de: d for

Gabor modulanions of a camer noisc. The camer was spaually bandhimuted noise
with an approxumate bandwidth of one octave Four camer bands were created
with center frequmcxcs ot’ 2.4, 8 and 16 c/deg The spatial frequency of the test

signals (imp ) ranged from 0 5 to 8 ¢/deg We used 2
dure that ired suby w spearfy the onentanon (verucal or

honzonul) of the modulaung signal
Resu!xx (1) The threshold itude of signal modul was lowest for 0 5
1 10 c/deg. Above 10 cldc g, threshold d with fn )
Threshold modulation was mdcpcnd‘m of tre spaual fr.qucncy of the camer
noise’. (3) There was no sig of camer freq band wath the
modulaung frequency. These results indicate that the second-stage selectve
filters and & are most 10 freq less than or equal 10 1 c/deg

but that they are indfferent to the spanal frequency content of the camier noise
upon which these signals arc impressed.

lhmx. JHT. & Koendennk, J.J., (1985) Vis Res 25 (§) pp 511-521
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Lateral Inhibition of Perceived Textural Contrast is Orientation
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THE LATERAL INHIBITION OF PERCEIVED
TEXTURAL CONTRAST IS OREENTATION SPECTFIC
Jo:huaA Solomon, Charles Chubb,* and George Sperhing.

Human L Pro g Lab y, New York Ui

'Psy:hology Dcpm:nem. Ruuus University
For a test pawch of isotropic spatial wxture P embedded in a
sunoundmg texture field S, the perceived contrast of P depends
lly on the of the texture suround S.! When P 1s
surrounded by a high contrast texture with a simular spatial frequency
content, it appears to be less contrasty than when it 1s surrounded by 2
uniform field. Here we dcmonstxzw that this jateral suppression of P’s
by the sur g texture S is orientation specific. That
is, ion of of a patch of sinusoidal graung P by 2
surround graing § of the same spatial uency 1s greatest when the angle
between gratings P and § is O deg. Using dynamically phase-shiftung
smusoxda! gratings of 3.3, 10 and 20 c/deg, we measured orientaton-

Y.

pecific of at two levels of contrast  Results
(l) Both paraucl and onhogonal S gratings causcd suppression of P's
pp relative to 2 . (2) There was onentauon
ficity (greater inhibiton by 0 than 90 deg surrounds) for all

S-P combmauons except the lugh-contrasl 3.3 c/deg graung and the low
contrast 20 c/deg grating (which was invisible). (3) Onentaton specificaty
increased with greater spatial frequencies and with lower sumulus
contrasts, The results suggest a contrast perception mechanism in wihich
both onented and nononented umitg determune the perceived hightess or
darkenss of a pownt in visual space, and every umitis inhibited pnmanly by
sumular adjacent units

Yorode. € L Spesling. G . & Solomon, . AL (1989) Proc. Nazl Acad. Sex USA 84, 9631.9635
Suppared by AFOSR Lufe Sciences, Visual Informaon Processung Program, Grant §8-0140
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Abstract—This paper reports an imp d parad;
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mowing in opp The subjects
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d, of 1 P of all the p d lines 15 used to estimate visible persistence
This paradigm p d independ pul of spatial and temporal stimulus separations in linear
motion The ling of vinible p ncrease with spatial separation up to 024 deg of
wisual angle and approaches 2 maximum value at larger spatial separations, The results are consistent with
the of a hypothctical visual gain that op over small retinal distances to
effectively decreast p d with d g spatial sep

Visible persistance  Str00scopic motion Apparent motion

INTRODUCTION

Stroboscopic motion

In arufictal representations of natural object
motion, such as in movies, television, and com-
puter dnven visual displays, continuous motion
1s represented by a succession of discrete
samples By increasing the temporal samphng
rate of an object moving at a fixed velocity, one
can create an illuston of motion that 1s indis-
tingushable from the appearance of continuous
motion (Spering, 1976, Watson, Ahumada &
Farrell, 1983) When the sampling rate 1s not
high enough, however, the appearance of con-
tinuous motion 1s replaced by multuple images
of the moving object

Consider, for example, the stroboscopic rep-
resentation of a smgle vertical hne moving
horizontally across a display screen For some
spatial and temporal separations of the line
stroboscopic moton, instead of a single line,
observers perceive a number of hines moving
together across the screen (Allport, 1968). An
analogous phenomenon in real motion 1s the
apparent elongation of a rapidly moving object
(Newton, 1720, Allen, 1926) The obvious
explanation for the apparent multiple hines

*“To whom repnnt requests should be addressed, present
address  Hewlett-Packard Laboratones, PO Box
10450, Palo Alto, CA 94303-0971, US A

tPresent address. Department of Psychology, Stanford Uni-
versiy, Stanford CA 94305, US A
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stroboscopic motion and the smeaning m real
motion 1s that each flash of the line produces
an mage whose visibility persists over time
and which, therefore, temporally overlaps
subsequent flashes of the line.

According tc this explanation, the wisible
persistence of an image can be estimated by the
number of successive stimul that appear to be
simultaneous. For example, 1f a stimulus 1s
vistble for approx. 100 msec, 1t should appear to
temporally overlap stmuli that follow 1n less
than 100 msec. Previous estimates of the dur-
ation of vistble persistence based on this method
range between 100 and 300 mscc (Coltheart,
1980) When the distance and time between
successive simult approaches zero, as in the case
of real mouon, the duration of visible persist-
ence can be estmated by the length of an
object's blur streak Estimates of the duration of
visible persistence based on this latter method
(Burr, 1980) range between 2 and 5msec
Apparently, the procedure for mvestigating the
persistence of stroboscopically moving stmul
generates a different estimate of persistence dur-
ation than the procedure for investigating the
persistence of conunuously moving stimuh. But
should we atinbute this difference to differences
n the paradigms used for estimating persistence
duration? Or do different perceptual mechan-
1sms underhe the visible persistence of stmuli i
stroboscopic (“*apparent raotion”) and continu-
ous (“real”) motion?
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Farrell (1984) estimated the visible persistence
of sumuli n stroboscopic motion by asking
observers to report the number of successively
presented stumuli that appeared to be simul-
taneously visible. She fogﬂd,zhgpthe estimated
durations of visible persistence increased with
the distance separating the successtve stimult.
This finding, taken together with reports by
Dixon and Hammond (1972). Allport (1970)
and DiLollo and Hogben (1985), provides an
explanation for the paradox that the visible
persistence of continuously moving sumult s
relatively short (Burr, 1980) when compared
to the persistance of stroboscopically moving
sttmuht (Allport, 1970. Efron & Lee, 1971)
When the distance between successtve stimuh 1s
small, the duration of wisible persistence 1s
small, as the distance increases, persistence 1n-
creases This reduces the smear generated by
moving objects but extends the time available to
process stationary objects (e.g Burr, 1980,
DiLollo. 1980, Sperhing, 1967)

Because visible persistence can have many
different causes, 1t 15 important to determine
whether lawful behavior measured using one
paradigm extends to other procedures In this
paper, we first review some previous methods
for esumaung visible persistence. We then de-
scribe a new procedure that we believe over-
comes some of the imutanons of the previous
procedures Using our new method, we extend
the measurements made by Farrell (1984) and
by DiLollo and Hogben (1985) by ivestigating
the duration of visible persistence over a wide
range of spatial separations The new data that
we report in {hus paper sheds hght on the type
of mechamsm that may underlie the visible
persistence of moving stumul and the range over
which the mechanism operates

Paradigms for esumating the duration of visible
perststence

The duration of visible persistence of an
object n stroboscopic motion can be estumated
by the number of successive objects that
appear to be physically present at the same time
(Allport. 1968 Dixon & Hammond, 1972;
Efron & Lee, 1971) Here, we consider the
hypothests that for describing the appearance of
stroboscopically moving objects, the visual sys-
tem can be represented by two stages The first
stage represents low level perceptual untts and 1s
represented by a spatio-temporal filter whose
response embodies visible persistence, it length-
¢ns the duration of 1ts visual inputs The second

stage monitors the perceptual units of the first
stage and decides which of the umits are active
by comparing their output to a threshold The
number of simultaneously actuve umts corre-
sponds to the number of simultaneously visible
stimull. For example, suppose that a briefly
presented lumimous hne ehaits a visual sensation
(the first stage response) that decays, and, after
100 msec, the persisting sensatton 1s no longer
visible (below threshold of the second stage)
Suppose also that the hine 1s presented every
100 msec 1n a new position, as tlustrated 1
Fig. 1. This system will report that 1t sees only
one hine because the visible persistence of succes-
sive stimuli does not overlap. When the line 1s
represented every 50 msec, the system reports
seeing two lines because the visible persistence
of two successive sumuh will overlap. By the
same reasoning, the system will report 3 lines
when the hine 15 presented every 33 msec and 4
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Fig | This figure tllustrates the hypothetical case 1 which
2 brniefly presented visual stimulus creates a persisting sen-
sation that decays over tume such that after 100 msec the
persistence decays to a level below which 1t 1s no longer
visible In the top panel, the sumulus 15 presented in a new
positior: every 100 msec and a single line should appear to
e present at any one instant in time  The second and third
panels show in which successively p d stim-
uh generate visual responses that overlap in time In general
if the peroeived number of stimuli increases Linearly with the
rate of stimulus presentation, then the slope of the hinear
function can be used to esumate the duration of wvisible
persistence
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lines when the line 15 presented every 25 msec.
In general, when the perceived number of lines
increases linearly with the rate of stimulus pres-
entation, then the slope of the linear function
can be used to estimate the g}xgaupn of visible
persistence.

Allport (1968. 1970) and Efron and Lee
(1971) estimated the duration of visible persist-
ence from the number of simultaneously visible
lines by means of a computation very sirular to
that embodied by the 2-stage system described
above. For example, Efron and Lee (1971)
assumed that visible persistence can be de-
scribed by 2 single real number, s duration p.
Efron and Lee reasoned that the number of
stumuli that will appear to be simultaneous is
n = pft where 1 is the tme interval separating
{wo adjacent simuli, and # 1s the average num-
ber of observed lines. Implicitly, this prediction
assumes that the probability that the number of
successive stimult will appear to be simul-
taneously visible 1s proportional to the degree
to which the visible persistence of successive
sttmuli overlap Let the number of hines simul-
tancously observed on a particular tnal be a
random vaniable N and let n be the expected
value of N. These assumptions lead to the
prediction that

it = E(N) = max (p? I).

When p < ¢, the expected value of N, E(N), 1s
1 representing the fact that observers report
seeing a stimulus even when 1t 15 not visible all
the tme When p' > 1, E(N)1s p/t This predic-
tion 1s preciscly correct only for integer values
of plt (see below),

Efron and Lee (1971) varied the rate at which
a rotating line was strobed and asked observers
to report how many lines they saw at any one
ume They denved the duration of visible per-
sistence from the slope of the lingar functions
relating the strobe rate and the number of lines
observers reported. Estimates of the durauon of
visible persistence ranged between 133 and
144 msec

The most significant difficulty wath these pro-
cedures for estimating visible persistence 1s that
the observer must count the number of per-
cewved lines. To determine the visible persistence
of stroboscopic stimult that approximate real
motion, we must esttmate the persistence of
closely spaced stimuli This requires counting a
large number of closely spaced lines, where both

the spacing and the number make counting
mmpractical. Alternauvely, the classicat pro-
cedure (Newton, 1720; Allen, 1926) for esimat-
ing persistence of an object 1n real motion
(revived by Burr, 1980) utilizes the length of the
object’s blur streak to estimate visual persist-
ence. While 1t avoids the counting problem, this
method still requires the subject to estimate the
size of a rapidly moving object.

A second problem occurs when the spatial
posttion of the stimuh 1n stroboscopic or real
motion 1 uacertamn. In this paradigm (Efron
and Lee, 1971) the exnerimenter has no control
over where or when the count of visible lines
occurs. Further, the experimenter does not
known during what fraction of the trajectory
the reported number of lines is visible

Third, the observed duration of persistence
and the number of simultancously vis:ble sim-
uli are not absolutely constant from trai-to-trial
but, like everything cise psychologists measure,
vary The stochastic nature of these measures
must be reflected in the data collection and
analyses procedures, Thus, the observed dur-
atton of vistble persistence should be repre-
sented by a random vanable The explicit
treatment of persistence as a random vanable
in data analysis, and the measurement of its
distnibution mey prove useful for evaluation of
potenttal theones.

We propose here a paradigm and a method of
analyss to overcome the problems of counting,
of spatial indeterminacy, and of measuning the
random variation of persistence. The paradigm
1s used to extend the range of spatral and
temporal conditions over which 1t has been
possible to measure persistence 1n stroboscopic
motion, The analysis 15 used to obtan esti-
mations of the complete trial-to-tnal distn-
butions of persistence in the vartous conditions

The paradigm

In our expeniments, two verucal hnes one
above the other, move horizontally in strobo-
scopic motion 1n opposite directions over 2
fixed distance (Fig 2). Successive positions, are
separated by a fixed interval of ttme At and a
displacement of Ax to the right for one hine and
—Ax (leftward) for the other, For different Az
and A, observers report whether or not all the
lines m both paths appear to be simultaneously
present They are mstructed to respond “yes” 1f
they perceive a flickering grating composed of
all the positons of the lines and to respond
“no” 1f they do not

r
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To estimate the duration of visible persistence
with this paradigm, we assume that each briefly
presented sumulus generates a visual response
that decays over ume. If the first presented
stimulus 1n one row 1s sull visible when the last
presented stnulus oceifs” in” the other row
immediately above or below it, the observer
responds “visible™; otherwise, “not visible™
This paradigm determuines the proportton of
trials on which a stimulus remains visible from
the first flash to the beginming of the last flash
n a row

Responses are mherently probabtiistic. We
assume that they reflect tnal-to-tital variability
n exther or both the temporal waveform of the
persistence response and n the subject’s c¢n-
tenion for deciding whether the stimulus s
vistble The andlysis takes mnto account the
probabilistic nature of the data m order to
separate the effects of the retinal separation on
(1) the mean duration of visible persistence and
on (2) the tnal-to-trial vanation of visible per-
sistence. The analysis does not distinguish be-
tween causes of vanability, such as fluctuations
in the underlyng visual response and fluctu-
ations 1n the threshold cnterton,

EXPERIMENT 1

Method

Subjects. Data were collected from four
observers, including one of the authors (JF). All
observers had normal or corrected-to-normal
vision.

Stumuldi. The sumul were vertical hines drawn
on a HP1310 crt display with a P4 phosphor
The bachground of the display was illuminated
by incandescent lights that produced a back-
ground lununance of 0.35cd/m? Subjects
viewed the display from .. uistance of 94 cm and
each vertical hine subtended 0 235 deg of visual
angle (0386cm) Each kne was displayed for
less than 1 msec at the same stumulus intensity.
The honizontal and vertical distance between the
centers of adjacent raster pixels was 0.0193 cm
and each stimulus was composed of a vertical
column of 20 raster pixels Each pixel had a
lumtnance directional energy (cf. Sperling, 1971
of 009 cd-sec. This sttmulus ttensity will here-
after be referred to as the reference intensity

Two vertical lines were presented 1n a succes-
ston of positions, each position following the
other by a fixed interval of ume, At, and dis-
placed to the night (or left) by a distance, Ax, as
shown 1n Fig 2 One of the vertical hnes was

<4—— time ——
4 83 2 1 0

o 1+ 2 3 4

timeg —»

Fig 2 The display for Expts 1-3 two vertcai Lines were
p dina of p along the paths p and
p* as shown above Each position of the hine followed the
other by a fixed mterval of ime, Az, and was displaced by
a fixed distance, Ax, 1n a constant direction (Jeft or nght)

presented with 1ts bottom 0.12deg above a
fixauon powmnt and extending upward for
0.24 deg The other vertical line was presented
symmetrically 0 12 deg below the fixation point
The two vertical lines were presented n the
same horizontal positions, differing only m a
spatial shift 1n the vertical direction and in the
temporal order of presentation. On each tral,
the direction of motion of the upper line was
randomly chosen, the lower hne moved m the
oppostte direction

Subjects were nstructed to otare at the
fixation pount for the duration of each stimulus
presentation The fact that the two vertical lines
moved in opposite directions helped subjects to
keep their gaze on the fixation point and dis-
couraged them from tracking the stimulus with
their eyes Making any eye movement during
the display would often cause 1t to appear
distorted (see Farrell, Putnam & Shepard, 1984)
and subjects quickly learned to suppress eye
movements.

Across trials, sumul differed in the distance
between successive lines, Ax, the time nterval
separauing the successive hnes, At and the total
number of hnes that were presented, N. The
distance, Ax, separating successive positions of
each vertical lme was either 012, 0.18 or
0.36 deg of visual angle. The length of the
horizontal path of each vertical line was equal
to the product of (N — 1) and Ax For example,
when Ax was 0.12 deg of visual angle, N, was 13,
16 or 19 n order to obtawn path lengths corre-
sponding to 144, 1.80 and 2 16deg, respect-
wely. Similarly, when Ax was 0 18 deg, N was 9,
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Procezre. The sebjeny i=iizeed 2 whl by
prossinz 2 rospoese key. After 600msee, twx
vestical Exes wers prosenced i3 2 soceessoon of
posons, one Eoe bogmmee frocs the kit of the
Sr2tion poixz 22d procssdSng to the sighl axd
the ocker e beginning from the 5ight of the
Srzdon poit 2ad proceeds to the kL AL e
exd of exch trel, the sedject prossed omz of two
respoase keys to fadicare whether or poi 2l
saocessive preseasations of the Exes on both
tr2jectosies 2ppearad to be siachaneonsty vis-
ible. Schias were Ipecificefiy fnstoeted o
respond “ves” i they peseched 2 fBckesing
gr2ting cocposed of 211 the positions of the Enzs
2bove 2nd bedow the fixation point 2od to
respond ~so™ otherwise.

An experimens2] session consisied of thoes
Blocks of 120 trizks corresponding to the thres
different path keagth conditions. Within e2ch
block of wrizis. each conditioa of spatial separ-
ation Ax was presented 50 times. The 30 rep-
etitions were presented within two interleaved
stzircases. The total 120 triaks resulting from the
product of the 3 Ax. the 20 repetitions per Ax.
and the 2 staircase conditions were presented in
a random order.

The interstimulus interval was controlled by 2
maodified up-down stzircase (Levitt. 1970). The
staruung value of the interstimulus interval (ISI)
10 the first experimental session was 50 msec. If
the subject responded “no™. the Ar was de-
creased by 2 millisecor:ds and this new Ar was
stored for the next presentation of this staircase.
If the subject responded *“ves™ for two presen-
tations of the same stimuli, the ISI was in-
creased by 2msec and this new ISI was stored
to be presented later in the pre-arranged ran-
dom sequence of trials. The staircase procedure
adjusts the temporal separation so that 71% of
the ume the NV successively presented stimuli
appear 10 be simultancously present. This same
procedure was repeated for another nterleaved
staircase. The complete set of data provided by
the two interleaved staircases allows us to esti-
mate psychometric functions for each condition
of spauial separation.

In subsequent expenimental sessions, the in-
sual value of the Ar was set equal to the esti-
mated 71% threshold from the earlier sessions
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pirs or s 2 szadoms memder beowern § 224
10msee. The A7 B3 sedsegnent sossioos was
oered or decrezsed by 2 mesDer thr was
preportone] 1o the slope of the esizreed poy-
domezsic fenstien to insers (221 the pewcto-
ek feaction was, sex=pied by 21 kst 3
egealiyspaced fcervals

All sohiers pesticipozed i 2 ii—em of 3
expesimenial sessions: oo sedt cozpict=d 6
sessioas, fw0 sebieas cocplerad 3 seswos 22d
o2 sudpert cocmpleted 3 sessSens.

Rests erd Exezssion

Metbod of exclysis. Our 2223vsis rests oa the
assezpdon that 2 bricSy prosesied bessinoss
Exg a viseal that decavs over
e, 20d that afier some time the visea] ro-
spozse reaches 2 thresSold bdow which it is 0o
lonzer visthle. We make no assumption 2bout
the shape of the viseal resposse: we simply
assume that 2s Joag as the viseal sespoase
eenerzied by the stimudus is above threshold.
the semutus will appear to be present. If sub-
Jects repont that all X' Enes appear to be simul-
tancously present, then we assume that, for
some iastant during that particular tsial, the
visuz] responses generated by the V fines were
all 2bove threshold. As 2 pract:cal matter. from
the subject’s point of view, the question of N
visible ines reduces to the simultancous visi-
bility of the first and last Ine. No subject
teported that the first and fast lines of 2 trajec-
tory were visible but some interior line had
vanished.

Let she observable time interval duning which
the image of all V' lines are visible (i.e. above
threshold) be a2 random variable. D. As noted
carlier the random variability in D may be the
result of threshold variability in the decision
stage, variability of the decay function. or other
random effects (noise). At the outsel, we assume
the distribution of D 1o be normal with mean ¢
and vanance ¢°. This assumption is directly
tested 1n the process of data analysss. For given
values of Ar and V. we wish to find p (A1, N).
the esumate of the probability that the first and
fast fines will appear to be wisible simuita-
neously. p(Ar. N)is equal to the probability that
the first hine has not decayed below threshold
dunng the ume mterval (N - 1)Ar separating
the onset of the first and last sumulus, 1c.

p(Ar. N) = Prob[D > (N - 1)A1]
=1-0(N - Dar—1)a}. (1)
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sz=erxe2] procedure STEPIT (Chandies. 1965)
to ma2r.r the EkeBhood that the dar
were peosrated by eguzvon (1) To see bow
well e estimared mean ¢ and variance ¢ of
persiseence doration prproseni the data, the
estrmales were wsed o predict the freguencies
of “wisible™ responses for each subjpet fa
e2ch coodinon of Ax for cach indhideal Ar
reached by the stairczcs. Each of the 12 esi-
rated pormal distributions efectiveds prodics
the response probabiliues. We cannos reject the
predscuons on the basis of a basis of a z° test
2t p <005 for any subpear 1 any simules
condition.

Daza for exch condition 20d exch sedjest 30
sboxa i Fig. 3. The estizazed me2a desation
of visthie persisence, 7, 2od the estimared san-
dard deiztion, ¢. of perststeoce éomation xe
plotzed 23 2 feoction of the spatal seperation,
Ax, for &ESerert.valnes of N Therz a5z several
ixzeresing aspects of the dara Fist, Fez 3
shoas 1het the me2n doration of visible persist-
soccessive scimrl, Ax, for 2l forr subjects. This
restlt re-afinms the basic £ading reposted by
(Fasr=id, 1933).

Second. Fiz. 3 sboas thet the mean ¢ 2and
stasdazd dextation ¢ of the vistble persistence
duration geaerated by a briedy presenred stimen-
Tes do pot vary with the number of stinuh, N,
thar 2re suecessively preseaied. The mean and
stand2rd éaviation depend ondy oa the distance
separating successive stimul, Ax. This result is
also consistent with previous findings. Efron
2nd Lee (1972) and Farrell (1984) observed that
the number of svecessive stimuli that appear
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Fig 3 The estimated mean (sold symbols) and dard ¢ (open bols) of the wiuble
persisterce of a bnefly presented visual sumulus plotied as a i of the dist p g the

sumulus kine from other stimuli that occur later 1n time with the length of the stimulus path as the
parameter Cirsles, tnangles and squares correspond (0 sumulus paths of 144, 180 and 2 16deg visual
angle, resp 1y Each panel rep data from one subject
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stEneh,

The retinal coceriicity of e2ch socczssivedy
prosenied  stimolns i 156 w
(N — 1Mx. Thesefore, the ixvdfizadt of persise-
exce with N 2ad, consequently, with eccentricity
i=dicates that the dur2zion of visible persisience
does oot vasy with the eccentricities that were
Exvestigated (0.7, 09 20d 1.1 do2). TESs resuli
suzeess that, over the local rezizal region inves-
tigzted, the durztion of visible persistence i
consiznt for a2 given spatizl separation Ax. The
reszlt doss ot imply, howevss, that ke resinal
eccentricity of 2 stimeles miight sot infuence the
duration of visible persistence if it were varied
over 2 wider range (cf. DiLloflo & Hogben.
1985). *

Finally, Fig 3 shows that the variability of
persistence drration increases with retinal sep-
aration for oae of the four subjects (JF). As
noted earlier. the individual differences in the
variability of the duration of visible persistence
across trizls may reflect changes in the sub-
jective threshold criterion or changes in the
underlying visual response.

EXPERIMENT 2

In the previous experiment ue found that for
all subjects the mean duration of visible persist-
ence increased with the distance separating the
successive stimuli and. for one subject, the vari-
ability of persistence duration also increased
with the spatial separation. This result is con-
sistent with previous studies that used different
experimental paradigms for esumating the dur-
ation of visible persistence (Allport, 1968, 1970;
Efron & Lee, 1971). These previous studies have
not reported limits to the increase of persistence
duration with spatial separation. Nonetheless, it
seems reasonable to assume that there is both a
runimum and maximum duration of visible
persistence. In order to place bounds on the
increase in persistence duration with spatial
separation, we conducted a second experiment
and estimate the duration of visible persistence
over 2 wider range of spatial separations.

Method

Subjects The same four observers who par-
ticipated in the first experiment (EW, DP, JG
and JF) served as subjects in this experiment.

Sumuli. As 1n the previous expeniment,
the sumuli differed in the distance between

the successtie Eozs Ar and 122 toa] pumber
of Enes that were prosezied, N, The oember of
Eoes (N) wzs 25, 13, 9. 7. 5. 2 o7 3 for Ax
comresponding to 0.08, 0.12, 0.18. 023, 035,
048 or 0.72deg viswal 2agke, respectivedy. The
Enes were displaced over a toiz] path kngth of
144322 All other aspects of the sumel were
identical 1o Expz L.

Procedzxe. Each experimental sessica coa-
sisted of two or three Blocks of 280 w2k
Within each block of trizls, e2ch Ax was pre-
seated 30 tixes. The 40 repetitions were separ-
ared into two st2ircase conditions. The 280 trials
were arzsged in 2 rasdom order of presen-
t2150a.

One observer viewed 6 blocks of trials ia two
scperate experimental sessions. apotber ob-
server viewed 4 blocks of triaks in two separate
sessions, and two observers viewed 3 blocks of
trials in 2 single experimental session. Observers
rested between blocks of trials.

As in the previous experiment, two inter-
keaved random staircases were used 1o distribute
the data around a 71% threshold criteria. De-
pending on the subjects response, the temporal
separation was adjusted such that 71% of
the time the N successively presented stimuli
appeared to be simultancously present. The
complete data set can then be used to estimate
psychometric functions for each condition of
spatial separation.

Results and discussion

As in the previous analysis, we assume that
the probability that observers will report that
the NV successive lines appear to be simul-
taneously present is given by equaton (1).
Again, using the maximum bhkelhood pro-
cedure, we estimated the values of £ and ¢ that
maximized the match between the predicted and
the observed response probabihties for each
observer, Ax, and for all values of Ar reached by
the staircases.

Figure 4 shows the estimated mean t and
standard deviation ¢ of persistence duration
plotted as a function of the distance Ax for each
of the four subjects. Of the 28 estimated normal
distnbutions, only one would be rejected by x?
at P <0.05. As in the previous expenment, we
found that over a mited range of spatial separ-
ations the mean duration of wvisible persistence
increases with spatial separation. In addition,
we found that for three of the four subjects
(EW, JF, JG), the mean duration of wvisible
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persistence approaches a maximum (asymptote)
value at the larger spatial separations. The
fact that tht duration of visible persistence
approaches a maximum value at large spatial
separations suggests that the mechanism by
which the visual system modulates the duration
of visible persistence operates over small spatial
separations.

Figure 4 also shows that the variability in the
duration of visible persistence increases with
spatial separation for three of the four subjects
(DP, JF, JG) and that the variability is greater
at large spauial separations. Most theories of
persistence would predict a correlation of ¢ and
a. For example, 1f the slope of the decaying
vistble persistence were to decrease over time,
any variability in the threshold criteria for
visibility would have greater effects at longer
persistence durations. The variability in the
persistence estimates for large separations 1s
substantial, however, particularly for subjects
JF and DP. This result reduces our confidence

persistence derived from Expt 1 are plotted as squa;u

in the persisience estimates for large spauzl
separations.

Finally, Fig. 4 shows the mean and standard
deviation of persistence duration estimated
from the results obtained in Expt 1. The est-
mates obtained from Expt | are based on sumu-
1us conditions in which the number of successive
stimuli, N, varied. The estimates obtained from
expt 2 are based on stimulus conditions with
constant N. Despite these differences, the mean
persistence durations measured in the two ex-
periments fall within the vanability in persist-
ence duration for each condition of spatial
separation.

EXPERIMENT 3

In the previous expesiments, we were able to
estimate the mean 1 and the variability o of the
duration of visible persistence of a bnefly pre-
sented wisual stimulus as a function of the
distance, Ax, separating that stimulus from
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otber stimulj that occer hater in time. We found
that the estimated pessisience duration ¢ in-
creases with Ax, and, for 3 of < subjects, so doss
¢. We interpret the average desation < 2s the
tims during which the respoase 10 a stimulus
remains above 2 fixed threshoid~In-the follow-
ing sections of this peper we examine the imphi-
cations of the empirical firdings in tems of
more formal modsls. To simplify our analysis,
we consider only expected values and. for the
time belng, we ignore variability.

The results discussed thes far may be inter-
preted in terms of two types of modsls. In one
1ype of model the shape of the 2ctual temporal
response depends on nearby stimuli. For ex-
ample, the presence of an adjzcent stimulus may

of decay model pleces no comstraint on the
shape of the temporal response which can very
with the presence of adjecent stimel. The gain
modd consirains ibe shape of the temporal
respoase to be invariant and. therefore, separ-
able from 1be influcnce of adizeznt stimuli. In
1be sections that follow we explore the extent
to which a gain mode) can accovat for the
inflrencs of 2djacent stimuli oa the duration of
visible persistence. We first consider 3 more
formal model of subjects” performance and then
describe an experimeni to address this issue
empitically.

Let us denote the visibility a1 time r dee to a
stimulus with intensity I presenited at time = 0,
rs{l.1). As before, Ax represents the spatial

increase the rate of decay of the resp (sec
Fig. 53). In a simple exponential system this can
be interpreted as a reduction in time constant.
We will call this type of model the rate of decay
model. In the second type of model, the shape
of the temporal response may be invariant, only
its amplitude is reduced by the presence of
adjacent stimuli (see Fig. 5b). We will refer to
this type of modsl as the gain model. The rate

a rate of decay

amplitudo

~
~

amplitude
7

T T TR T I T e rrryy +— threshold

~ -

-~

T Ts
time

Fig 5 Hypothetical mech for modulaung tke dur-
atien of vinble persistence (a) The rate of decay model
2.sumes that the presence of an adjacent sumulus increases
the rate of decay, and therefore the shape, of the tempotal
response (b) The gain model assumes that the shape of the

poral 15 only its amphtude 1s reduced
by the presence of adjacent stmuh

sep of adjecent stimuli. For simplicity
we that ¢ is cally dac z
(decaying) in time and monotonically increasing
with luminance. The vafue of visibility, r, is
used by the subjects to make a decision
about the presence of a visible stimulus at each
location.

An implicit assumption underlying our data
analysis thus far is that the stimulus is visible
whenever ¢ was farge enough to exceed a fixed
threshold ¢. The estimation of the visible persist-
ence from the results of Expts 1 and 2 amounted
to estimating <, such that

e lhz)=c )

The estimatc of mean persistence duration t,. or
simply 1, as a function of Ax and Ar for a
constant value of | e [ was justified o the
extent the cniterion ¢ is independent of Ax and
A, 1¢. that the stimulus 1s visible whenever the
visibiity function ¢ is greater than a fixed
threshold value, ¢, and that ¢ 1s constant for all
Ax and Ar,

The gain type of model 15 based on the tdea
that the distance separating successive sumult
affects only the amplitude of the underlying
temporal response, t. The amphtude of the
response is hikely to depend on the sumulus
fuminance as well. Therefore, 1 order to de-
velop a gan type of model. it 15 necessary
1o separate the effects of luminance and the
effects of spatial separation on the temporal
response, v. To ao this, we first examme the
effects of tuminance on estimates of persistence
duration.

Method

An experiment to test the effects of luminance
was performed The method, apparatus, pro-
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cedure and paradigm were identical to that of
Expts 1 and 2 except that, in any given trial, the
luminance of the briefly presented line was 0.72,
1.48 or 3.2 times the reference intensity (see
Stimuli 1n Expt 1) and the spaual separation of
successively presented hines was 0.06, 0.12, 0.36
and 0.72 deg visual angle. The distance between
the centers of adjacent pixels was 00193 cm in
both the vertical and honzontal direction.

Results

*

In Fig. 6, the esimated means and standard
deviations 1n visible persisience are plotted as a
function of spatial scparation with stimulus
luminance as a parameter for the two subjects,
JF and DP. Figure 6 shows that there were no
systematic cffects due to stimulus luminance.
Differences in the mean duration of wisible
persistence due to stmulus luminance are small
and inconsistent and can be explained by the
variability of persistence duration: for each con-
dition of spatial separatton, the mean duration
of visible persistence estimated for a sumulus of
a given luminance value falls withia the stan-
dard deviation of the persistence durations esu-
mated for sumuh presented 1n any of the three
luminance values. The results of this experiment
can be described very simply: the persistence
estimates are invanant with respect to 1:4 lumi-
nance changes

Duscussion

The visibulity criterion depends on peak visibil-
1y. The goal of the following discussion is to
examine how well the data can be accounted
for by a mode) that assumes that the visibility
of a briefly presented line can be represented
as a product of three different functions depend-
11g on luminance, distance and time, respect-
wely. We begin by noting that brighter flashes
do not persist longer than dim flashes. This
result suggests that the cniterion ¢ depends on
fuminance m the same manner as does the
visibility v. In other words, the results are
consistent with the hypothesis that cntenon
15 a threshold defined in terms of a fixed
fraction of the mitial amplitude of the visual
response at time ¢ =0 which 15, 1 tum, a
monotorically increasing function of the maxi-
mum luminance.

We can express the notion of a relative
cnterson that 1s determined by the bnghtest
stmulus on a given tnal formerly as follows
Let 1, be the lummance of the bnghtest,
briefly presented stimulus line on a given tnal
Another stimulus hine presented with luminance
1 on the same trial will be visible after a delay
0f:

vl D) = elly), 3
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where ¢ is 2 monotonically increasing function
of the maximum luminance.

Seperability of luminance and distance effects.
The threshold criterion c is, as before, assumed
to be independent of the spatial and temporal
stimulus parameters, Ax, AxeAt the visibility
threshold, the inequality (3) becomes an equal-
ity and we can divide both sides of this equation
by the threshold ¢. The resulting ratio ofe = 1 is
independent sumulus Juminance. Consider trials
where all stimuli are presented with the same
luminance I. Then I =1,, the ratio p/c can be
used to define a new function w:

cadl 1)
o @
which does not depend on the luminance level.
We have already defiped w to be independent of
{uminance at threshold. If we further assume
that w is independent of luminance above the
threshold, then the visibility v can be written as
a product of two functions:
vyl 1) = c(Dwy (1), ()]
where ¢ is a monotonically increasing function
of luminance, /, and w is a monotonicaily de-
creasing function of 1 and increasing in Ax. Thus
o 1s a separable function of luminance and
another function w that depends on time and
separation. Note that the function w is indepen-
dent of luminance and embodies the dependence
of persistence on spatial separation Ax.
Separability of time and distance in a gain
control model. With this framework at hand, we
are ready to formalize the assumption under-
lying the gain type of model. In that model. the
presence of adjacknt sumuh only modulates the
magnitude of the response That is, the function
w itself can be separated into a product of two
funcuions, gain g, and temporal response A, as
follows:

wa(f)=

walt) = g(Ax)h(r);
and the visibility function can be wntten as
valh 1) = c(l)g(8x)h(t). ©)

The separability of tme, distance and lumi-
nance expressed in equation (6) predicts that a
decrement in luminance, could completely com-
pensate for a corresponding increment 1n separ-
ation Ax. Alternatively, a decrease in the
visibility due to small spatial separation can be
compensated by an increase in visibility with
luminance. Expenment 4 was aimed at discover-
ing the relationship between spatial separation
and luminance. If we know how the amplitude

of the visual response changss with luminance,
and we know how luminance and spatial separ-
ation trade-off in determining the duradon of
visible persistence, then we can derive how thie
amplitude of the visual response changss with
spatial separation.

EXPERIMENT 4

Experiment 4 tests the extent to which the
gain type of model holds and thereby yields
more information on the temporal response, A.
The approach is based on the measurement of
a trade-off betweea the function of luminance,
¢(l), ar_ the function of scparation, g(Ax).
Since neither c(f) or g(Ax) depend on At [ic.
they are separable from A(f))], we investigated
the effects of luminance and spatial separation
when Ar =0.

Method

Subjects. The same four observers who par-
ticipated in the previous experiments (EW, DP,
JG and JF) served as subjects in this experiment
as well.

Stimuli. As in Expt 2, the stimuli consisted of
two sets of vertical lines presented 0.12deg
above and below a fixation point (see Fig. 2). In
fact, the stimuli were equivalent to the stimuli in
Expt 2 with the following exceptions. Rather
than present the lines successively, the lines were
presented simultancously. In addition, the in-
tensity of each line was varied as a function of
the position of the line: across a row of vertical
Iines, the intensity of each line decreased expo-
nentially with stimulus position as illustrated in
Fig. 7. Let/;be the intensity of a ltne n position n

!

Intensity

||I|
1N

—a

e POSIUON oo

Fig 7 The display for Expt 4 two sets of vertical kines were
simultaneously presented above and betow a fixation point
The hesght of sach vertical tine represents smulus lumi-
nance which d d fly with lus position

[
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The intensity of the line in the leftmost (or
rightmost) position, J;, was initialized to the
reference intensity (see Stimuli in Expt 1). The
intensity of the linc in a position o the right
(or Ieft) of n. I,.,, was I}x where x is the
slope of the exponential decréase On cach trial,
the direction of the exponential decrease in
intensity (left-to-right or right-to-left) ¢ lines
presented above the fixaticn point was chosen
randomly; the intensity of the lines below the
fixation point decreased exponentially in the
opposite direction. The spatial separation éx is
varied by increasing n over a range of 3-25 as
in Expt 2.

Procedure. The subject initiated a trial by
pressing a response key. After 600 msec, the
stimuli were flashed for 1 msec. At the end of
each trial, the subject pressed one of two re-
sponse keys to indicate whether or not all the
vertical lines above and below the fixation pont
were visible. Subjects were instructed to usc the
same criterion for visibility that they used in the
previous experiments. subjects were to respond
“yes” if they perccived a grating composed of all
the lines above and below the fixation pont and
to respond “no™ otherwise.

At the beginning of cach session, subjects
repeated 280 stimulus tnals from the previous
experiment. These 280 trials served to remind
subjects of the visibility criterion used in previ-
ous experiments and to encourage them to use
the same visibility criterion in this experiment.
Subjects then viewed 3 blocks of tnals, each
block consisting of 160 trials Subjects rested
between blocks of tnals.

Across the, three blocks of tnals, each con-
dition of spatial separation Ax was presented 60
times. The 60 repetitions were presented within
two mterleaved staircases. The total 480 tnals
resulting from the product of the 7 Ax, the 60
repettions per Ax, and the 2 staircase con-
ditions were presented 1n random order.

The rate of the exponential decrease in stimu-
lus mensity 2 was controlled by a modified
up-down staircase The starting value of « was
099 If the subject responded “yes”, x was
decreased by 0.01 and this new « was stored for
the next presentation of this staircase. If the
subject responded “no” for two repetitions of
the same stimuli, @ was increased by 001 and
this new o was stored Under the assumption
that o 15 a normally-distnbuted vanable, the
staircase procedure converges to the o for
which 71% of the time all the » lines are visible
to the observer for each condition of spatial

Jovce E Faxztt et al

separation, Ax. All the data were used to
estimate the entire psychometric fusictions.

Results and discussion

Psychometric functions relating the probabil-
ity of reporting- that all n lines were simul-
tancously visible to the relative intensity of the
dimmest line were calculated for cach subject
and each condition of spatial separation, Ax. In
Fig. 8, the relative intensity of the dimmest line
(expressed as the normalized ratio of the mini-
mum and maximum line intensitics) accom-
panying 50% response probabilities is plotted as
a function of the spatial separation for each
subject. As Fig. 8 shows, the relative line inten-
sities required for all n lines to appear to be
visible decreased with spatial separations up to
0.24 deg of visual angle. For larger spatial scpar-
ations, the relative line intensities required to
see all n hines do not vary systemaucally and
therefore we conclude that the intensities are
independent of spaual separation

The results of Expt 4 can be interpreted in
terms of the gain control model. In particular,
considering the form of the visibility function ¢
given by equation (6) we set £ =0 and interpret
Expt 4 as finding values of the dimmest. N-th
line I, for each Ax such that’

elly(ax))g(ax)a(0) = c(h), )

where /, 15 the first (bnghtest) linc. There are
three unknown functions 1n this equation ¢, g
and h and our goal 1s to determmne £ We do that
in two steps. First, we use previous information
on intensity scaling to assume a reasonable form
for the criterion function ¢. We then combine
the results of Expts 1, 2 and 4 n order to
climmate g.

The caterton function ¢ represents the observ-
ers’ adjustments to changes in luminance. To
proceed with our analysis we need to make an
additional assumption about the function c(/)
In particular, we assume ¢(/) to be a power law.
This assumption 1s consistent with at least two
empirical considerations. Furst, the classical
scaling data denved from magmitude estimation
experiments (Stevens, 1957) suggests that per-
ceved brightness 15 a linear function of lumi-
nance rawed to a power. Second, the
assumption 1s consistent with the luminance
mnvariance observed m Expt 2.

Subsututing ¥ for ¢ in equation (7) yields,

B(Ax)gax) = cl,
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where ¢, is a constant (incorporating A(O)}.
Taking logarithms of both sides yields the fol-
fowing equation relating Ax and It

1oslg<Axn=log(co—ﬁxog[’ﬁi——]. ®

Ax)

&

This equation represents the relationship be-
tween two functions of the stimulus separation
[y(4x) and g(ax). Our primary goal is to use
the equation (8) to combine the results of Expt 4
with those of the eatlier experiments and
directly evaluate the shape of the temporal
response, k. It is also possible, however, to
examine whether there exist plausible gain func-
tions g consistent with both equation (8) and the
results of Expt 4. In order to find such a g we
first determined a functional form for 1(8x).
While there are many different functions con-
sistent with the empirical constraints on I, we
selected the following spatial weighting function
generated by taking the difference between two
Gaussian functions:

ﬁv_(_ﬁ_'_\'_) = A p(Ax, 0y) — A$(Bx, a) 9

where 4,> 0 are the amplitudes, 9,> 0 standard
deviations of the positive (i = 1) and negative

(i = 2) Gaussians, respectively, and where disa
Gaussian density function of the form:

2
s

1 Y=
¢(x,a)=;7_£e :(.)

centered at the origin. This type of spatial
weighting function seemed plausible because,
given the correct parameters, 1t has been used
to describe other spatial interactions including
empincaily observed receptive fields in monkey
and cat retinal ganglion celis (Enroth-Cugel
& Robson, 1966). The difference between
(wo Gaussian functions has also been used to
approximate psychophysically defined spatial
weighting functions (¢.8. Schade, 1956; Wilson
& Bergen, 1979; Graham, 1980).

The best-fitting parameters o equation ()
were derived for cach subject using an iterative
fitting pro dure (STEPIT, Chandler, 1965) that
mimized the squared error between each sub-
ject's data and equation {11). The resulting fits,
shown in Fig. 8, are quite reasonable. The
root-mean-square error for the fits i5 0.05, 0 013,
0.058 and 0.025 for subjects JG, DP, EW and
JE, respectively.

Since the dependence of the lummance on Ax
can be characterized as a difference of two

PomirediiievhatNEN
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-Gaissian functions then the fesulting gain func-
tion g, shown in Fig. 8, is also a difference of
Gaussians but raised 1o a positive power f. This
function:

g(Ax) = k[Ad(Ax.g) = Ab(Bx. 0

where k is a positive constant, appears 1o be 2
reasonable reflection of the effect of spatially
adjacent stimuli on persistence. According to
these results, the width of the effective field
within which one stimulus line affects the per-
sistence of another is approx. 0.24 deg of visuel
angle. Since the form of the gain function
appears to be reasonable We proceed to use the
data from Expt 4 to derive the temporal depen-
dency h. Note that the following derivation is
independent of the form of the gain function.

Derication of temporal dependency. Assuming
that the gain model holds, the temporal wave-
form of the underlying visual response to a
briefly presented visual stimulus is embodied in
the function 4. To evaluate h we need to ¢limi-
nate g in equation (7). We accomplish that by
substituting, in equation (7), the expression for
g from ¢quation (8). Empirically, this amounts
to combining the results of Expt 4 with those of
Expts 1 and 2.

To combine equations (4) and (§) we first take
the logarithm of both sides of equation (7),
and then solve for g with the result
loglg(Ax)) =log[b) —loglh(r)}. Then, substitul-
ing for loglg(Ax)} in equatton (8) yields:

logfb] = loglh()} = log(¢o) + B log [l_;._}

which can b& simplified to:

loglh@=k + 8 log[il-];

whete & is a real constant. To estimate the
temporal decay function A consistent with our
results can be accomplished by finding 2 func-
tion of t which is lincar in log{i/L,}.

For each subject and each condition of spatial
separation, logfi/l,] was estimated by the 50%
threshold criteria of psychometnic functions re-
I~ting the probability that the subject responded
“yes” (to indicate that all stimuli were visible) to
the ratio of the minimum and maximum stimu-
fus luminances, /fl,.. Figure 9 shows logll/ls]
plotted as a function of Tog(1/t) (derived from
the data collected in Expt 2) for each subject.
The solid lines in Fig. 9 illustrate that the
following equation provided a reasonable fit to

(10)
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the data for spatial separations less than or
equal to 0.24 deg of visual angle:

lo -]-\~k+alo !
4 t}— S

We can therefore conclude that, to the extent
that this equation is supported by the data, the
gain model cannot be rejected (at least for small
spatial separations) and that the decay of visible
response has the genera! form 1/z. This function
might not be a realistic impulse response for a
linear system, but it does indicate that the decay
of visible persisterice is slower than a simple
exponential (cf. Rumelhart, 1969; Hawkins &
Shulman, 1979; DiLollo, 1984).

Finally, Fig. 9 shows that for farger values
of 1 (corresponding to stimulus conditions in
which Ax was greater than 0.24 deg of visual
angle) there scems to be systematic departure
from the straight hne. This represents the failure
of the model to capture spatial interactions over
larger separations.

an

GENERAL DISCUSSION

Persistence 1s a property of any [inear system
with limited temporal bandwidth. Usually, the
narrower the bandwidth the longer the persist-
ence. Similarly, the more veridical the temporal
tesponse of a system is, the lesspersistence there
is. In any sensing system, there is a trade-off
between the ability to reproduce the temporal
properties of a stimulus (achieved by broad
temporal bandwidth and, consequently, short
persistence) and the ability to detect the pres-
ence of a weak stimulus in the presence of noise
(achieved by temporal summation and, conse-
quently, long persistence). There are many situ-
ations in which the visual system sacnfices
temporal bandwidth in favor of stimulus sensi-
tivity. For example, the time constant of tem-
poral integration is more than wo times longer
in the dark adapted eye than in the light adapted
eye. (Sperling & Songdhi, 1968). We report an
instance in which, depending on the spatio-
temporal properties of the sumulus, the visual
system sacrifices either temporal bandwidth or
stimulus sensitivity. When the distance between
successive stimuli is small, as in the case of the
apparent mction of a-single object, the visual
system sacrifices stimulus sensitvity in favor
of temporal fidelity, preserving the temporal
stimulus information and reducing the smear
that would otherwise be generated by moving
objects (Burr, 1980). When the distance between
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in which adjacent stimuli were separating by distances less than of equal 10 0 24 deg visual angle The

sohd circles falling near the regression line from left to night pond to spatial sep 0f 06,012,

0.18 and 0 24 deg visual angle, respectively. The unfilled circles pond to spatial separations greater
than 024 deg visual angle

successive stimuli is large, as in the case of
briefly presented stationary objects, the visual
system sacnifices, temporal fidelity in favor of
stimulus  sensitivity, allowing more time to
extract the spatial information necessary for
object identification.

We consider a simple gain model as a possible
mechanism for modulating the duration of vis-
1ble persistence as a function of the distance
separating stimuli. In this model, the shape of
the underlying visual response 15 preserved and
only its amplitude is modulated by the presence
of adjacent stimuli, Our analysis does not as-
sume any particular shape of the temporal
impulse response function, We only assume that
a briefly presented luminous line generates a
visual response that decays over time, and that
after some time the visual response reaches a
threshold below which 1t is no longer visible.
The effective duration of wisible persistence
corresponds to the duration that the visual
response generated by the sumulus 15 above

threshold. In order to test the gam model, we
make the further assumption that the amphtude
of the visual response to briefly presented stim-
uli increases with stimulus luminance and that
the effects of spatial separation, luminance and
temporal separation on visible persistence are
separable, The trade-off we observed between
the effects of spatial separation and stimulus
{uminance on the duration of visible persistence
supports the assumption of separability and
the gain model The gain model 1s appealing
because 1t can be realized by mechanisms under-
Iying shunting lateral inhibation (Sperling &
Sondhi, 1968).
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Intelligent Temporal Subsampling of American Sign Language Using
Event Boundaries
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American Sign Languaze (ASL) is 2 g 1 form of com- Methods of ASL Compeassion
munication used by the North American deaf and bearing-
impaired communities. In free conversation, ASL is 28 r2psd
2 form of communication as most spoken langeagss, fodud- Spatici Compression

ing English (Bellugi & Fischer, 1972). Over the pest decade
there have been several investigations of f2ctors relzted 1o the
transmission of ASL over the existing long-distance commu-
nications networks. The problem is 1o compress a video signal
of the signer to the exfent that it will fit through a low-
bandwidth or low bit-ratc communication channsl, such 2
an ordinary telephone hnc. without ynﬂv dxsmpnng the
efficiency of ¢ ication, Although previously designed
video telephones would suffice for communication, their
bandwidth requirements and cost made them imprastical,
The current public tefephone network has transmission fimits
of 300 to 2800 Hz for analog signals and nominally 9.600 bits
per second (bps) for digital signals (ca. 1988).
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“Fhe protiem of
mmformnzspasd by Spaksg (1578), wbos
subsequently erermined that semerkebly spesse fmases cowld
coavey inteilghle messages (Spestng, 1950, 1931). Sperog,
Landy, Cobena, 20d Pavel (1985) investizaied ASL inielSs-
bility versus beadwidib trade-offs by using the most sophisti-
availzble. In oae condition, subjects were 2ble 1o iztenxet
sigps with nommalized inieiEgibikity of 86, in relation to full-
bandwidth sequences. even though beaduidih kad been re-
duced 10 2880 Hz. Related work by Abramatic. LeseiSer, 20d
Nadler (1982) with French Sign Langrzpe and by Peasson
(1981) with British Sign Language 2%o offers the possibility
of substantizl mmon.

The relative suocess in ASL compression 2¢hieved by Sper-
ling et al (1935) may be atiributed 1o the karge amount of

d spagal jion within the ASL signal. Spatial
redundancy exists both 2cross individual pixels and across
groups of pixels. Individual pixels are redundant when the
gray level of one pixel is predictive of the gray level of nearby
pixels. Groups of pixels are redundast when cues in one
regron of the image yield predictions of what should appear
in other regrons. For example, consider the particular config-
uration of pixe’s that yields the form of an arm. To the degree
that the hand, elbow, and shoulder are molvablc. olh« am
pixels are probably y and are thereft
Awordmgly, one may dnswd some forms of spatial infor-
mation with the expectation that other. similar information
remans. This sort of spatial redundancy provides the basis
for the often surpnsing success of dynamic pmm-hght dxsp!a\s

{Cutting, 1978, Joh 1973)in conveying rather comp
form information. Indeed, Poizner, Bellugi, and Lutes-Dris-
coll (1981) d d that such displays successfully con-
282
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Tz Corsression

o e prnse=s sondy, Ellloaiog Peacsco (1595) acd Speiig.
a2 (1585 -emﬂs:wdz—.'mﬁ:xrnl\&.sr
ey oo, we oz akle

oves S, The sebsamsied E2mes sbhocld be thaose 221 best
ooty Gaese evezts. For axzsyie, 23 ovest =31 aolve
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postion pepeadSonier 1o the body. hsmmh:p
dwtb:&::mn Som 223 everes. ek
maﬂmamws«:mm
sy, A €re 5 2 conmesied seguence of ames, the reselt
of sermr=inp s imppe seguenen. st s m ol ke
X ¥ do=xia s 2 preping togeiier of phuis o wikh 2
com=on kel wil be 25piad, 23 evess B 2 grocypisg of
oy voder 2 comsmen bl
l:mm&mdmw:sa
copive comp E-¥: 500 by e sjewer (ED-
b&alWLh’m&Zz)mlﬁ,Lhmm
Bozoves, there is stroog seppoet for the theory that evesis (or
perceptea) voit) 2re Eoctly pesteived uch Eie motica
(Asch, 1952 Heider, 1958; Neatson. Haifeedd, Bloom
&&le?f).l:so&rse\wsmtemzd
Erecth, 11 impliss 1hat there must be consisient simmvhes

peopesties tR21 reflect the evest sinxture witkia 2 motica

TEOECEAL SUEAMILING OF ASL 233
e, ool ety were marled by selfess whio vened
Ersadp d 2 koo 310 2 coots =

seeorics, Sabjecss kad bern fostreied 90 press e boen
e, “ED wocT jridgmer, amne grezatngSa acton exds 2ad a
&Zeress cae begxs™ (Neason, 1575, o 30). Theor was 2
gt depre of comsSseney, both withis 208 besne=s sebyaros,
210 wheoe the boradades were placed,

12 2 seses of axpeiaeses, Newusco 228 Esgcing (1976)
m&xm-nmwn&mn&z
Woﬁbﬂmﬁmﬁ

daies : mt—mb:
mm:mmdwmm
m@tﬂd:‘émdbasﬁaam&:szm
petztswere 5] A G Seeions of f2es
2 portreakoors. M e Lo emed sk poss~
e=ocs ol v e by -;f..g.c
2 2eZr deseritions of the 21300, 22203 the secmemce 25 to0ce
EeEptle, 22d wot more a0 21 codesiog the sSdes
‘h&%wmmda&&nm-bo
22 showun othes rovys of iirre f2mes. In ooe expesime=t
(.\m&&s;:s:.lrﬁ.mdt}:'oknm
£2meg were r2ied 28 kigh oa izl iy 25 the coetsnocs
seguences from which they were dzanm, In sbor, Neatson
223 E3s colzbortors provided 2 cooridizg demoasiasicn
et seljecthely defined breakpotst 2o comvey izfoerma-
Boa that s of greater Empocizace to the golal pereept thea
ooabrezipeizes. (For a review of the sole of breakpoints i
Vel pesceprion, see Nenisoa eg 21, 1937).

Choosir:g Sigtificars Fremes Auwomziically

Ia 1he presest sindy, we mezsere the iz ISRy of ASL
sequences coastruciad by wsing a sebset of chosea frames
fro:n.bems:m!seqm'l’b:-mof\:umzndhs

seguence.
How does 022 Joczte 25d use such stimels properties for
tempora) compression? Interestiogly, the problem of dynamic

seguence sepmeniztion has been addsessed fa several domains
of stndy andfofa\m o!'p:rpa:s.‘l‘bscmdsdcdi’oﬂs
1o representation schemes (Mar

& Vzina, 1980 Rubin & Richards, 1985), the development
ofmotmdsmp:osfonoboucso:zuﬁaa!mt:ﬂrgmcc

aoests hat in 3 the 25, We

would do best o rewzin breakpor: while discand 2 DO
kn!mu&mm:\nmwm:fmbw.n;
breakpoints works well, i1s usefelness in 2 realtirme commu-
nication sysiem is Hmited, beczuse buman observers must
sdcathcftz:t:s.Gi\mth:gwwgmﬁhhﬂmofd:@al
imagey technology, it is 110 digitize the image
s 1o be fried, 1o pute which frames rep-

(Thibedean, l98:).and.anozed previousty. ¢

and event pereeption in the fickd of social pS\fho‘.OS) (Heider,
1958; Newtson, 1973). In 2n0ther ASL study, Green (1984)
altempied 1o locate the boundaries between consecutive signs
in a stream of ASL images.

Perceptual Units of Behavior

A technigue for determining the Jocation of boundarics of
pesoeptua] units that has reeeived considerzble atiention
comes from Newtzon (1973) and his collaborziors (Newtson
& Engguist, 1976; New1son, Engquist, & Bois, 1977; Newtson
& Rindner, 1979; Rindaner, 1982). Although Newtson’s early
work was concerned with determining how the attribution
process varics as a function of the unit of peroeption, he was
also concerned with demonstrating that there was, in fact, 2n
objective basis for determining units of behavior. In his pro-

resent breakpoints within the sequence, and to transmit the
chosen frames and discard the semzinder. Toimplement such
2 system, we must first consider the physical propertics asso-
ciated with breakpoinis: the boundzries of perceptual units.

Physical Characteristics of Breakpoinis

Two possible theories could 2ccount for the finding that an
action strezam may be partitioned into discrete units of behav-
jor based on bmkpmnls (Newtson & Engquist, 1976). Either
the particular cc of ¢ in the scene con-
stitutes 2 du:mane state that identifies the breakpoint, or
actions are defined by state-to-state changes that are charac-
terized by successive breakpoints. In a test of these two
possibilities, Newtson et al. (1977) used 2 movement notation
system, designed for use by choreographers, 1o code the body
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b chosen moakreaknoizs, Newsoq 1 al's 228 b=k 2z suable. Ia 2 tpicad ASL
(lmmmmwk&:m sexzabod stk sty Thes, o)

suze Bxpotests Bz shoned 0o evidence &x the Exiactive
szt Bapettess,

The resels of these expei=ients 202 Esepreed to o3
22 e 205y posisions wese teaima Ty Estnct, wikkis the
cceszEzs of te belavioe, 21 soocessive breakpoizts (Nowt-
500 et al, 1977, 1587). To ackiove mmaxima¥y Estint body
mzk&boc&mfx:dmmm—

3 besaeen b =zss that I, the posiSon change
200k Baopes izsizstancoesdy, Newtsoo o1 21 (1977, 1937)
W,dﬁumcfpmwe:mun:zza
=dex ol o Nexizy, This e, 2515
msmxmw&mﬁmmm
The importns o1 g we desive from this work is 1ot some
form of dimzmic acthity st occnr betaeen suocessive
knbmmm&hlo&mmmms:m-

00 thy some g7 k20

“’_occ:::s‘ Bocad nzndtmxh:aai\i:\k\d
deerexses 21 boundasies.

Eviieace of soch activity moost be 2vaiebie in the serface
chanacteristics of 1he sequence. \{m-znd Vaina (i980) fw

s

swn&:\rd&mﬁkﬁdﬁx&yw
the seueace thes of the moton of 2oy pasticcier cbiec
Asquex:cmd‘\h:n:x’stkmdm
228 Yisthy chframe, Thebers
e tspaillocaicn x, yinfame 2, 1 << Nis
Kx. 5, L £). The member of pixeis 1222 changs in kemicamce
by rooce thea 2 threshold #1s commpeied by settizg

,‘”_,,,z{(l)énug;n)-xx.r.n—m»

The actnity tadex /) &5 the fr2ition of pixels in frame o
th22 expesieaced 2 suprachoeshold chinge in feminsoee
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The Eizber the thresboid perameter 8, the sasafler the infle-

eoce of pixcls thar change 25 a result of camena or digitiring
poise rather than 2s the result of a mmoving object.

th

edr) =

s2tized (h3s nodon i their st2te
fos seg ing 2 streas of | inlo pisces tb:: caabe
deseribed indeprodently. They used pauses (described 25 mo-
mn-baﬂzwtsofasbzpez:ec’nhaahso!mdyor
T21ively 21 1est) to seg a motion stream. Pauses occer
umtkob;m(a&)au)mmcmcundugoachanym
direction of o occer 21 other mo-
xzrxsmascqm'mxss.menouonzppwsmxhc“mk
of Rubin 2ad Richards (1985), who argued that patural
motion bousdasies ooour a1 starts, stops, and foree discontin-
ities. Morcover, they provided evidence that human observ-
ers have a subjective impression that a significant event has
occurred 2t each of these boundaries. All of these theories
imply that one ought to be able 10 Tocate event boundaries by
tracking some surf2ce characteristic of the dynamic sequence
2nd by searching for frames that comrespond 10 pauses in
activity. Rubin and Richards (1985) 2nd Marr and Vaina
(1980) theosetically defined ways in which motion sequences
might be parsed. In this article we choose a simple realization
of these ideas and test its eﬂ‘ecmcn:ss for producing intelli-
gible subsampled

The Activity Index, a,fn)

The activity index is the fraction of pixels that experience
2 suprathreshold change in luminance between frames 11— 1
and n. We located event boundaries in ASL sequences by
computing this measure of activity between each pair of
consecutive framesin each sequence and looking for the local
minima. Our activity index was computed by counting the
rumber of pixels that underwent a significant change of gray
Tevel between consecutive frames in a sequence; the fraction

Asan ie, we 3der a 30-frame sequence ia which
a white sq-.:.'.xz 0 3 black beckground moves kft and right
2czoss the width of a fraroe sinusosdally. Figure | is 2 grzph
of edr:) for such 2 sequence. Note that the local minima in
Figure 1, where gdn ~ 1) > afr) < adn + 1), comespond 1o
frames in the oniginal sequence in which the direction of
mouoa is changing (ke., the peaks and troughs of the sinu-
soid). Complex monies such 2s ASL sequences produce com-
plex an) functions with many moze Joca) minima.

Figure 2 shows the afn) function for a 70-frame ASL
sequence that shows the sign for the word accident. A drawing

1.0
E
£ o0s
<
<
0.0 + ~+
] 10 20 30

FRAME RUMBER

Figure ] Activty index as a functios of frame number for a small
square that moves through two cycles of a sine wave across 30 frames.
(The local mumma cormespond 1o the resting points, or pointsoF
change in direction, of the moving object.)

LT:.

265 Ay iy PHIVRER IR NI YA+

a

1SS »rmw-’mw:p.‘qw.w.w}m;m Lo LANITO U OIRUAN AR Sy £ 0 aaabidp




ARUOIRIETT0 ey SN 10 5100 i g A b, Gt LA A SRR A M 07 nd anPantold

&

ASniviy

20 30 40 50 €0 70
FRAME NUMBER

Figre2. Acthity index as 2 feoxtion of fizme foc 2 70-Fame ASL
seqozace that shows the siga for the English word acrider. (The large
a=0u=ts of acthity a2 the begizsing and exd of the fuactios come-
spod 10 the action of the 5o 23 she moves 20 asd oot of 2 rest
posision [arms folded ia froct). The two loca miziza 21 Franes 28
22 20 conrespoad 1o Loments whea the sigaer’s baods are fusthest
22271258 when they et o the X&)

o 10

of the sign is given in Figure 32, and evesy third frame is
shown in Figure 4. In ozr experiment, the signer assumes 2
rest position in which ker arms are folded in front of ber at
the beginning 2nd end of the sequence. The same rest position
is used for 231 signs in order to remove any potential ambiguity
concerning the beginning and ending of each sign and to
ensure that on repeated presentations, the particular frrme
on which 2 sign begins or ends does not provide a clue to the
jdentity of the sign. In the sign that produced Figure 2, the
signer raises her two hands to either side, closes them into
fists, and moves them urtil they meet in front of her (this is
an iconic sign for a collision), and then reassumes the rest
position with amms folded.

The adn) function in Figure 2 is instructive for several
reasons. First, there is zlways a high activity value at the
beginning and end of each sequence as the signer moves out
of and into the rest position. In Figure 2, these peaks occur
at Frames 23 and 53. Morcover, 2t the beginning and end of
the sign, the activity index becomes a collection of closely
spaced Jocal minima. These frames correspond to the rest
position in which luminance noise and slight movements on
the part of the signer account for fluctuations in afn), and
which might be misinterpreted as significant activities (ic.,
these frames might be selected).

Activityeindex subsampling. Activity-index subsampling
means selecting for presentation only the frames for which
a/n) has a relative minimum as a function of n. To control
the coarseness with which candidate minima are sampled, we
introduced a parameter a that specifies the minimum increase
in a{n) that must occur between consecutively chosen frames,
that is, in order 10 choose both frames f; and f, where i <,
the activity index must rise above adi) + a for some frame &,
where i < k < j. Note that this method of sampling is
asymmetric with respect to time; inverting the order of frames
may lead 10 a different selection.

TEMPORAL SUBSAMPLING OF ASL 285

The two la-pe Joca) mizima k2t occrr at Frames 26 and
40 in Fagore 2 comespoad 10 the point in the g when the
signes’s bands e spread ap2st 20d 10 the f2:me in which they
mert In other words, if we choose frames that cosrespond to
the two Jocal micima a1 Frames 28 and 40, 25 well as 2
begicning 238 ending frame, we satisfy the criteria fos inted-
Bgeat tempocal sampling while reducieg the sequence from
70 10 4 fraraes. These 4 frames are iustrated in Figzre S2.

Rocatiorsl erd circular mocioes. Because the acthity in-
dcxm&sondnny:smmﬂytom&auc\mbmdzm

] or Mmoo P a problem: An
acu\m'mdamvmachx\tasmﬁambdmin&nm
during such 2 motion. Marr and Vaisa (1980) recognized the
sazae shostcoming ia their state-motion-state representation
and proposed 1o bandle these instances by recognizing the
ocanrence of 2 cocfounding movement and dealing with 1t
separately. Our a{n) activity index treats rotation2) and cir-
culzr motions the same 2s all others. If we were to discover
that subsampled signs never reached some minimum criterion
of intelligibility, it might indicate that rotational and circular
mouon occur often eno-..gh wnhm ASL 10 merit special

Hi 1, an informal survey of signs suggests

otherwise.

Figure 3. Two illustrated signs showing (a) 2 simple sign ACCIDENT
(from TheJoy of Signing [p. 102) by L. L Riekehof 1980, Springfield
MO: Gospel Publishing House Copyright 1980 by Gospel Cleanng
House Reprinted by ission) and (b) a compound sign LINFORM-
You-Two (from A Basic Course in Amencan Sign Language [p. 158)
by T Humphries, C. Padden,and T.3 O'Routke, 1980, Silver Sprng.
MD: T. J. Publishers Copynght 1980 by T. J. Publishers. Repnated
by permission).
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Figure 4. Sequence of digitized images of the sign acerdent (Every third frame of a 70-frame sequence
is shown. This is constant subsampling.)

Constant Subsampling

To measure the use of activity-index subsampling, 1t must
be compared with an alternative method of temporal
compression, Although the focus of thar work was spatial
rather than temporal compression, Sperling et al. (1985) and
Pearson (1981) used a simple frame repetition, what we here
call constant temporal subsampling. By this method, every
mth frame 15 chosen from the sequence, where m can take on
any value between 2 ar: tite total number of frames tn the
original sequence. Constant subsampling will be used as the
basts of companson 1n the, present study. Figures 4 and 5b

1 [ bsampling for m equal to 3 and 23,
respectively, In Figure 5b, note that the second frame catches
the signer in the middle of a movement.

Dynamic Display Considerations

Having chosen a subset of the frames from a sequence of
N frames, how should we choosc the duration of each frame
to ensure that the displayed sequence retains as much of the
rhythmic properties of the original as possible® Temporal
constancy is presenved in constant subsamphing by choosing
the number of repetitions for each frame equal to the constant
samphing factor. For example, if every third frame were chosen
from the onginal sequence, each frame in the displayed
sequence would be repeated three times

Because the frames chosen from a complex scene via the
activity index are not necessarily separated by a constant
number of frames, the repetition factor for display must vary
according to the location of the chosen frame in the original
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Figure S Fourframe representations of the sign accidens; (a) full gray-scale using actiity<index
subsampling, (b) full gray scale using constant subsampling, and (c) binary images using actiaty-index

subsampling.

sequence, We repeat each chosen frame (to replace discarded
frames) unti! the next chosen frame occurs. For example, 1f
Frames 1, 5, 15, and 22 were chosen from a 30-frame se-
quence, Frame 1 15 repeated 4 times, Frame 5 is repeated 10
times, Frame 1515 repeated 7 umes, and Frame 2215 repeated
9 umes, to reach the total of 30 frames that appear in the
original sequence. In this method, a different display sequence
would be produced from the same sequence of selected frames
when played in the forward rather than the ume-reversed
direction,

Static Presentation

Optimal Number of Frames

ASL-related investigations have, to this point, focused ex-
clusively on the transmission and inteligibahity of dynamic
tmages, There are, however, several compelling reasons for
studying the inteligbility of ASL when it 1s presented in static

form. Most important, stauc images are used in most, 1f not
all, ASL textbooks and dictionanes (¢ g , Humphries, Padden,
& O'Rourke, 1980, Riekehof, 1980) Important exceptions
ar¢ the books produced by Stokoe and his collaborators
(Stokoe, 1974, Stokoe, Casterline, & Croneberg, 1976), which
use written symbolic notation to convey the motion and hand
shape of cach sign,

The type of static presentation that is most often seen in
standard ASL textbooks 1s a single-frame image that corre-
sponds roughly to a single English word or expression. Typi-
cally, an illustrated signer is presented with overlaid arrows
and “strobe™ lines to indicate the desired hand, finger, and
arm mctions. An example of one such illustration, from
Rickehof (1980), appears in Figure 3a. For simple signs,
especially those that use only one hand, these illustrations are
quite efficient. Difficultics can arise, however, for compound
signs that require a change in hand shape or for the occasional
presentation of complete sentences In these instances, such
as for the sign depicted in Figure 3b (taken from Humphnes
ct al, 1980), the many strobe lines and arrows mask the
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intended movement and make it difficelt for students 1o
replicate the sign.
Analwmmwctomungasmgkﬁ:mcforadm&ghsh
uvrdorpbnse:slopr&nnbcazmcsmnpdad)mdy,
as in comic strip format (se€ Figures 4 and 5). Given the
impracticality of dmhnngﬂwbundmdsof frames that may
constitutc 2 single sentenge, it is necessary to choose a subset
of frames fCs presentation. How does one choose frames in

order to comvey 2 sign? Obviously, llnsxsthcsuuc analog 19

tbed)nmcdsphymzlbzsbcenaddr&edmerm
coigcidentally, isa of great imp x to agimators
and cartoonists. When depicting za action sequence, anima-
tors are tayght to represent the extremes of the activity first,
and then to fill in with in-between frames as needed (Levitan,
1960). In the context of ASL, if frames are chosen 1o success-
fully convey the motion when displayed dynamically, do these
frames convey the same information when displayed stati-
cally?

Spatial-Temporal Compression Trade-Off

Finally, 1t 1s useful to snvestigate interactions between spa-
tial and temporal compression. A practical application would
probably combrne temporal and spatial compression 1n order
toavoid the d chcts of re! g 100 much of either
spatial or temporal i Here, we ntelligi-
bility for both full gray-scale ASL sequences (8 bits/pixel) and
for the same sequences made binary.with an edge detection
scheme Each image is convolved with 2 Gaussian-smoothed
Laplacian and then thresholded so that 105 of the values are
set 1o black, generally from the dark side of image edges. The
result s a binary, hne<drawn image (with approximately 0.211
bits/pixel). An example of such a binary sequence 1s shown
n Figure Sc, (These sequences and the nominal data rate
were taken from Sperhing et al, 1985, Expeniment 2, Condi-
tion H.)

Method

Subyects

The 32 subjects used in this study were recrunted in vanous places,
including the New York Socrety for the Deaf, the New York Umver-
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sity Office for Disabled Stadczzs, 338 word-of-£25d among the deaf
The mean age of car subjects was 33 years (ages rangad from 18 10
52), and they had been signing for an average of 18 sears. Tuelve
sative signers—ihose who were r2ised i bomes where ASL was the
peimasy langrage ~were included in the study.

Stimuli

The stimules set coasisted of 84 ASL signs, cach of which cormre-
sponds roughly 1o 2 single English word. All signs were taken from
Sperding et al. {1985), who flmed, digitized, 20d appiicd vasious
image transformations 10 the signs for use in their study of rade-offs
bethSLsgz{axzﬂ:gbdm;andbuduﬂlh.Thcmms filmed
from iy 10 imately 3.05 m) away, so that the
upper body and head filled the viewfinder of the camera. During
filming, the signer stood behind 2 screen with a 12 x 18 in. aperture,
wore dark clothing, and had dark hair; these conditions ensured that
the rand and face of the signer would be highlighted. Each digitized
frame was subsenzently cropped 10 96 X 64 pixels; the signer was
ceatered in cach frame so that the arca from her waist to the top of
ber head was visible.

Along with the onginal full gray-scale (denoted FGS) movies of
cach sign, we used signs that had been transformed from the FGS to
the hine-drawn, binary images previously descnbed Such signs will
be referred to as BIN (for binary) signs. Sperling et al (1985) reported
an intelligibily of 911 for BIN signs, normalized against the per-
centage correct for 96 X 64 pixel FG3 signs. At the ume of the
cxpcnmcnx. four FGS signs were not available under the BIN image

the BIN d used four signs that did not
appeai n FGS conditions, and vice versa, The hst of 84 signs used
the study appears in Table 1, divided into the sumulus blocks used
in the experiment.
ithough the term frames per second (fps) 1s used throughout the
remainder of this arucle to descnbe the degree of temporal compres-
sion, all dynamic sumuli were presented on a system that always
displayed 60 fps In the context of the present study, {ps refers to the
number of new frames per second, computed by dividing the number
of chosen frames by the duration of the onginal (or the denved)
sequence. Frame rate (fps) was varied parametrically. The parameters
m and a control the frame rate for fixed-rate and actaty-index
subsampling, respectively. Four different values were used for each
of these two parameters This mampulation allows us to collect data
over a iarge range of intethgibiity, The parameter values and the
average number of frames per second for each scheme 1s displayed 10
Table 2.

Table 1
Stimulus Blocks
Block | Block2  Block 3 Block 4 Block § Blocké Block 7 Blesk 8
telegraph  wrong sit emphasize punishment  bear tobacco  summer
leave general  cheese wife apple il thanks thunk
deaf gl until world uncle flag home* talk
finish short shoe our screwdniver  sorry flower wresthing
plan week wait accident  guilty tree member  love
ugly noon preture hospital paper bread challenge  read
train preach  month friday understand  behind pay start
reiax red steal cancel yesterday cveryday* fun color
mother  machine program® because fetter tye which before
jump wmprove  spend boss bored cop grow alive!
egs® movie*  pour® Tousy®

* S1gns that appeared only 1n BIN (binary) conditions  *Signs that appeared only 1n FGS (full-gray

scale) conditions.
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Table 2. . aleat The i firmed these subjects” understandizg of the
Simulus Trensformations ard Frarie-Retes zn by having e either use the word in & sentcace of fartbes
- Fraros onthe 2 of the word, Fisally, all subjects were 1013

Scheme aorm per secind ::‘;x{oﬂtyhimndauba!hcmmulmlqu;dm

Aaivity index 1] 108 D)mml;prrsallc.'m. ‘n:cmdquammdonlh:momor
:iuumyind:x 3.02 3-_’}5 signaling the subject 10 press any button on a fivebutton keypad.
."E"l!“d‘m" o'(l” 6545 Aftes the button press, the screen was cleared, aod a white cuc spot

"“m‘ft 2 %0 appeared for 0.5 5. This was followed by 2 0.5-s black interval abd
waﬁzl 3 15 the presentation of an ASL movie (frame sequence). The sequence
Constant 7 86 was shown orce, with the frames repeated as pecessary to retain the
Constant 3 5.5 duration of the original image and was followed by a blank

Note The a is the parameter that controls the sumber of samplzs
used by the activity-index sampling scheme; m is the parameter that
governs the number of frames chosen by the constant subsamphing
scheme,

Procedure

The ASL signs were divded 1nto eight groups of 10 signs, cach
group batanced for difficulty by the eritenion of Sperhing et al. (1985).
The expenmental vanables included two image types FGS and BIN,
two presentation modes, dynamic (D) and static (S), two subsampling
schemes, constant and actiaty sndex, four frame rates, and 10 stim-
vlusblocks. A full-faztonal expenment on these factors would require
320 subjects with only 1 subject 1n each cell To achiere 2 more
manageable study, we 1an four separate groups of subjects, one for
each comb of 1mage i and mode
(FGS-D, FGS-S, BIN-D, and BIN-S),

To make the most efficient use of cach subject, the remaining
factors within cach of the four groups were subjected to a Greco-
Latin design in which subsampling scheme and ion factor
were fully randomized and order of p was partially ran.
domized In other words, each stimulus block of 10 signs was paired
on¢ time with every combination of subsampling scheme and
compression factor over the course of the eapeament For consen-
tence, the combination of subsamphing scheme and compression
factor 15 referred 1o as the sumulus transformation, every transfor-
mation appezsed 1n cach ordinal position of stimulus presentation
O1der of presentation is only partially randomized, because sequence
effects are not balanced in this design, Each subject saw eight complete
stimulus blocks, each block having undergone a different transfor-
mation (1¢., repeated over fc 2nd stimul!
bloch) A total of 32 subjects were required for a single rep
through cach of the four § X 8 Greco-Latin squares.

Irielligibeliy test AN stimuli were processed with the HIPS im-
age-processing sofmarc {Landy, Cohen, & Spcrhng. 1984a, 1984b)
and were d on a comp hics display proc-
essor (Adage RDS-3000 image-processing system). Images were
wviewed on a Conrac 721 1C19 momtor, set so that the mean lumi-
nance of the display was equal to 55 cande¢la per square meter (¢d/
m’) Subjects were seated approximately 1 m from the screen, though
they were free to move to their most comfortable distance (Parish &
Sperhing, 1987, demonstrated that for simuli whose vissihty is
impared by nose, viewing distance, over an extremely wade range,
isimmaterial )

For all conditions, subjects were required to respond to each ASL
presentation with an English gloss for the presented sign Subjects
were told that each sequence contained oaly a single sign and that
cach sign corresponded, roughly, to one English word 1n most cases,
subjects wrote their responses on an answer sheet In cases in which
deaf signers did not possess English skills that were advanced enough
1o allow them to respond with 2 wnitten word, they would sign the
response 1o an ASL interpreter who then recorded the English equiv-

screen. The word wanr was displayed until the next sequence was
ready for display (2 or 35), at which point the word continue appeased.
While waiting for confinue 10 appear, we recorded the subjects
response. After the subject’s response and afier the word continue
appeared on the screen, the subject was free to press any button 10
initiate the next trial,

Stanic presentalion.  As with the dynamic presentation, the initial
button press erased the word begin from the screen and cavsed the
stimulus to be presented, though without a cue spot. The frames of
each movic were arranged in order by rows and columns, from left
10 right and from top to bottom Up to seven frames appeared in
cach row. A sample “page™ of 24 frames for the sign accident is shown
1n Figure 4. Shorter pages are shown in Figure § for several condstions
On presentation, the subject scanned the page and decided on a
response Before wnting or signing the response, however, a second
button press was required 1o erase the screen After responding. the
word continue appeared on the screen The next button press initiated
the next tnal

Results

Scoring

The measure of performance for all subjects and conditions
15 1n percentage commect For some of the signs used in the
study, several English responses are considered correct, a
result of the histoncal and regional development of ASL Each
subject’s answer sheet was scored by a congemitally deaf signer
who is fluent in ASL.

Subject Comparison

To assess the geacral abibity of the subjects mn this study,
we may compare their performance for dynamic sequences
with the performance of the subjects from Sperling et al
(1985), who viewed similar sequences For the most nchly
subsampled full gray-scale sequences, which averaged about
20 frames, subjects in the present study averaged 86% correct,
nearly identical to the Sperling et al subjects, who averaged
about 87% co. .ct. For binary images, subjects in the present
study averaged 70%, in companson with Sperling ¢t al.’s 80%
correct Our subjects may have been somewhat less shilled
than those of Sperling et al,, perhaps a result of the mix of
native and nonnative, hearing and nonhearing signers used
1n the present study, as opposed to the more homogeneous
group of deaf signers used by Sperling et al

Main Effects

The data 1n cach of the four Greco-Latin squares, distin-
guished by the combination of image type and presentation

R
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Figure 6. Mean subject performance as a function of the mean number of frames per second for each
of the four main condions of the experiment and for each subsampling scheme. (a) full gray-scale
1mages in dynamic presentation (FGS-D), (b) fult gray-scale images in static presentation (FGS-S), (c)
binary images 1n dynamic presentation (BIN D), and (d) binary images in state presentation (BIN-S)

with acuvity-index sequences and the solid dots

(The open dots on each gtaph
constant

mode, are displayed in Figure 6. Probability correct 15 dis-
played as a function of mean number of frames, averaged
across the § subjects withip each design. These data were
subjected o an arcsine transformation in order to decorrelate
mean and vanance, the arcsine data were used in the subse-
quent analyses Main effects for each individual Greco-Latin
square were evaluated by an analysis of variance.

The four main effects for each Greco-Latin square are

b : The vertical bars represent the standard error of the mean )

significant effect of sumulus block despite simitar efforts We
rely on the fact that throughout the course of the expenment,
ail stimulus blocks were presented 1n all conditions, thereby
allowing block effects to bafance out Finally, there were
significant subject differences ( p < 01) for static presentation
of both image types (FGS and BIN).

subjects, order, stimulus block, and image formation
The most stringent assumption made by the analysis is that
the interactions among the four mai effects of the Greco-
Latin square are neghgible (Winer, 1971) Every effort was
made to ensure neghgible interactions. Subjects were assigned
randomly to each cell, and simulus blocks were balanced for
difficulty. There 1s no a pnion reason to assume that there
would be significant interactions,

Stimutlus transformation, which includes both subsampling
scheme and compression factor, was a sigmificant factor for
the FGS-D, BIN-D (p <.01), and FGS-S ( p < .05) conditions
but not for the BIN-S condition, although there was a trend
in the expected direction. Stimulus block was sigmificant for
all four designs {p < .05). The fact that the stimulus blocks
differed from each other indicates that our efforts to equate
the blocks for difficulty was not entirely successful, This is
not surpnsing, because Sperling et al, (1985) also found a

Subsampling Scheme

The data from the full gray-scale conditions, seen in Figures
6a and 6b, suggest that the activity-index sequences were
more intelligible than constant subsampled sequences Ideally,
we would have had data from both schemes at the same frame
rate 1o allow us to directly test this hypothesis Unfortunately,
the nature of the subsampling schemes prevents such samphng
precision. To conduct the test, we used hinear interpolation to
estumate performance for 6.75 fps for constant subsampling
Activity-index data had already been collected at this frame
rate. For each presentation format, a ¢ test was computed with
the interpolated constant-subsampling data and real activity-
index data. Both tests strongly reject the aull hypothesis (p <

01). For dynamic presentation of binary images (Figure 6¢),
data interpolated at 8 85 fps for constant subsampling also
reject the null hypothesis (p < .05).
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For dynamic presentation, activity-index performance is
i d, by ing b points, 1o be about 8% better
‘han for constant subsmplmg (for the poruons of the curves
that overlap). This estimate reflects, in pan, the crossover
interaction that occuss at the lowest frame rate, in which
constant subsampling outperforms activity-index perform-
ance. This crossover interaction almost certainly comes from
‘the fact that the activity-index scheme chose frames nearer to
the beginning and end of the original sequence when working
at extremely coarse sampling rates, whereas constant subsam-
pling chose frames uniformly throughout the sequences. This
tendency of acuvity-index subsampling was due to the large
movements that occurred as the signer moved in and out of
the rest position, producing the only afn) values that rose
above a. If this artifactual performance is discounted-—that
is, if the beginning and ending rest positions are removed
from consideration—the estimate of overall activity-index
supenority to constant subsampling increases to 15%.

The form of activity-index performance vanes with stimu-
lus pre . For stauc p ion of full gray-scale
images (Figure 6b), activity-index performance riscs abose
that of constant subsampled 1mages as the total number of
frames decreases, the esimated difference 1n performance
nses by nearly 20% when 6.75 fps are displayed. Activity-
index performance, however, falls off sharply with fewer and
greater numbers of frames per second. Interestingly, for activ-
1y-index sequences, FGS-S has a pcrformance maximum at
about 7 fps, for ¢ b d es, performance
with FGS-S improves monolomcall) wnh frames per second.
In contrast, static presentation of binary images (Figure 6d)
produces flat and nearly equal performance for both subsam-
pling schemes, reflected in the nonsignificant transformation
factor in the analysis

Discussion

Striicture of Events

Although the expenment descnbed here 1s not a direct test
of the vahdity of Newtson's (1973) defimtion of breakpoints,
there 15 certainly a close relation between their action-umit
boundanesand our basis for dynamic sequence segmentation.
Insofar as such a companson may be made, the results re-
ported here generally confirm findings of Newtson and his
collaborators with regard to the perceptual salience of bound-
anes and their ability to convey cntical event information,
Indeed, 1n one condition, ASL sequences that were con-
structed via the activity index were as inteligible as the
original sequence from which the frames were taken, despite
a four-fold reduction in the number of frames. This result is
similar to an nteligibility-rating result of Newtson and
Engquist (1976) and yei, because of the objective nature of
ASL mtelligibifity, 1s not open to the questions that follow
the subjective rating paradigm uscd by Newtson and Engquist

Direct Perception of Events

A long-standing argument in theones of event perception
revolves around the 1ssue of whether events are directly per-
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ceived, originating in Asch’s (1952) theory that action-defin-
ing gestalten appear in the behavior sequence, or whether
event perception is more of an i ive, cognitive p

If action is directly perceived, it must be the case that the cues
that give rise to the percept exist in the surface structure of
the behavior sequence; that is, 2 'y condition for the
direct pcmcplion of events is that the basis for event structure
must appearin the sumulusmclf This is the explicit assump-
tion behind the behavi i hod of Newtson
(1973), and it is well supponed by the many subsequcnt
experiments by N and his collab if

event information did not exist in the surface structure of the
sequences used in the present experiment, it would have been
extremely difficult, if not impossible, to segment our ASL
movies into intelligible sequences. At the very least, some
higher level, interpretive driver would have been necessary in
order to produce compressed images that were more intelli-
gible than those produced by constant subsampling. However,
itis clear from the results of our expennment that the necessary
event information does reside in the surface structure of
sequences.

Even if it is conceded that events are directly perceived and
that critical event information is camed by event boundaries,
we would expect static presentation of behavior sequences 1o
require a more interpretive process than does dynamic pres-
entation of the same sequences That is, events are usually
not drectly perceived with static presentation (Newtson &
Engquist, 1976). Indeed, for dynamic presentation, the change
1n surface structure from one moment 10 the next is imme-
diate, wh for static pr the change must be
inferred from an analysis of frames. That these are fundamen-
tally different processes is reflected in the demonstration of
left-hemispheric advantage for statically presented signs and
the absence of lateral asymmetry for dynamic signs (Poizner,
Batuson, & Harlan, 1979). Because the inference process
would certainly introduce an additional source of error, 1t
seems likely that static images would be less efficient at
transmitting the desired information. Accordingly, we note
the generally lower ntelligibality scores for static images
the present experiment,

The current expenment supports the notton that the basis
for event structure appears in the stmulus isell We found
that the ASL events 1solated by a ssmple image-based com-
putation seem to agree with subjective iwnpressions of event
structure. This does not preclude the posaibility that other
sources of information, including higher reasoning, can act to
modify the interpretation of an event. Nonetheless, our find-
ings bode well for efforts in arnificial intelhgence directed
toward machine interpresation of actions

ASL Primitives

A central component in the traditional study of ASL 1s the
use of ASL pnmitives. Stokoe (1974) developed a set of
primutives to descnbe signs that are composed of 2 hmited set
of movements, hand shapes, and locauions of aruculat:on
These components are meaningless when taken individually;
when combined according to rule-governed constraints, they
form the lexical basis of ASL This is enurely analogous to
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the function of ph: in spoken I A fourth ASL
dimension, hand orientation, has subsequently been added to

the list of primitives (Battison, 1974).

A somewhat remarkable result is the high intelligbility of
the ASL es at Iy coarse ling rates. Even
in the most degraded condmon subjects correctly mtc:pmed
Ticarly a third of the signs. An explanation of these fi
may stem from” the relative importance of the four ASL
primitives. Consider that a single frame taken from the middle
of a sequence will likely convey information about three of
the four pnmitives—hand onentation, hand shape, and lo-
cation of articulation. Only motion is lost, or at the very least,
severely degraded. The fact that subjects do 5o well with this
limited amount of information reflects the degree to which
nonmoton factors play a critical role in ASL intelhgibility.
Indeed, several studies have shown that the. four primitives
are not equally perceptible, nor are they equally important
for inteiligible ASL (Klima & Bellug, 1979, Tartter & Fischer,
1982).

Image Sequence Compression

Actbity index: Dynamic sequences It is apparent from
the data and from subjective reports that for low frame-rate
conditions, ASL sequences that have been subsampled with
the activity index are more intelhgible than those subsampled
by a constant factor. in the full gray-scale dynamic condition
(Figure 6a), activity-index sequences were correctly identified
80% of the tme at shghtly less than 11 new fps. When
constant subsampling was used, the same performance level
was not achicved until an estimated 20 to 25 new fps were
displayed. At this cntenon of performance, the number of to-
be-transmitted frames was reduced by a factor of l 8 to 2.25,
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spatial compm\s:on yielded frames that were tzmpomlly de.
correlated, so that additional p p was in.
effective. R

It may be, however, that the particular form of spatial
compression used in the present study undermined the success
of activity subsamplmg. Our bmary images were constructed
by painting 10% of the plxels ou'the dark side of edges black
on a white background, and the selection of pixels to darken
might vary with slight changes in the signer’s position. The
physical representation of the signer within the sequence (i.c.,
the contours) emerged as a result of the juxtaposition of the
black pixels averaged over several frames. Accordingly, a
single frame taken from the‘middle of the sdquence may
represent the form of a human only very poorly; motion 15
ncccssary for the true physical structure of the signer to
emerge. By disrupting the temporal characteristics of the
sequences, we induced a breakdown of the spatial structure
of the signer herself. Naturally, with the loss of spatial struc-
ture, intelligibility suffered. A better test of the temporal and
spatial interacticn would be to use a spatial compression
scheme that preserves the structure within a frame without
relying on motion cues and spatial averaging that occur
between frames,

Rotational and circular motions It was noted in the intro-
duction that signs with rotational cr circular motions present
2 unique problem to the sort of teraporal segmentation con-
ducted by the activity index There are changes 1n the direc-
tion of the moving comp {or comp ts) without a
corresponding change in velocity or acceleration Depending
on the cnteria used 1o define a rotational or circular motion,
between 6% and 15% of the signs used in this expenment
could be 50 classified. By using the stncter cnteria for incly-
sion, activity-index performance was compared with constant

roughly a twofold improvement over ¢

What are the implications of our findings? An 8. bn sc-
quence with frames of 96 X 64 pixels shown at 30 fps requires
1.47 Mbuts/s for full bandwidth transmussion, more lhan 300

pling performance within a group of five signs with
rotational or crrcular motions. There was no statistical differ-
ence between the two subsamnpling schemes within this group

of signs. As expected, activity-index subsampling presented

times the nomnal capacity of the public switched tel
network. The large bulk of compression needed to transmn
ASL sequences can certamly come from spatial compression
and efficient data-encoding schemes, as demonstrated by
Sperhing et al. (1985), Nonetheless, shanng the effects of
compression among spatial and temporal domains reduces
the reliance on spatial compression, thereby reducing the
amount of spatial information loss, Furthermore, it is easy to
conceive of environments in which 1t 1s desirable for dynamic
mformancn to be lransmmcd or encoded, as efficiently as
b ling would have to be

lncludcd inany 7 sucl: schcme.

The degree to which spatial and temporal compression may
be joined depends on the degree of interaction between the
two domains, Although activity-index subsamplmg yxclds see
quences that are more intelligibe than c
for the binary images used in the present study, the overall
level of intelhigability, in refation to full gmy-scale sequences,
was reduced (although this parucular comparison 15 across
different groups of subjects). This interaction may suggest that
there 1s ltmited promise in combining the two forms of
compression. Indeed, Sperhing et al. (1985) found that extreme

no ad ge over constant subsampling for this group In
addition, intelligibihity for the group of five rotational/circutar
signs was compared wath wntelligibility for the entire stimulus
set. Although the difference was not significant, almost cer-
tainly a result of the small ber of les, intethgibihity
for the rotational/circular signs was, as a group, shghtly lower
than that of the complete set. Again, this is consistent with
our expectations.

Despite the shoncommgs of a"uvny-mdcx subsamp]mg
that appear when confronted wath circular or I signs,
the effectiveness of this technique is not likely to be greatly
affected in any environment that more closely resembles the
real world In a continuous stream of signing, contextual
constraints of the conversation will increase the overall intel-
lig;hality of the individual signs. Although there 15 a ceiling
effect on many easily interpreted signs, these other, more
difficult signs will be made more intelligible, Furthermore, we
note that these signs usually represent a faurly small percentage
of the total number of available signs

Application, real-time computation  Sperling et 2} (1985)
demonstrated that telephone transmisston of inteligible 45T
was feasible, the expenments presented he.e indicate how this

—
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minimal transmission can be improved by activity subsam-
pling. In order for such a system to be useful to the signing
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age over v-uum;

4

New York: Spnngcr-Vctl;&
Asch, S. (1952) Social psychology. Englewood Cuffs, N3, Prenuce-
Hall,

parallel microprocessors. lndeed we do not sce any purely
techmcal obstacles to producing video tel
devices that can transmit mtclhgxblc ASL over the ordinary
switched communications network. Such facilities would have
enormous practical significance for the signing deaf and hear-
ing impaired, reducing their isolation from each other and,
one hopes, from the hearing community at large.

Static Presentation

Optimal number of frames Two interesting findings
emerge from the static presentation conditions. Furst, it is
encouraging 10 note that even in the most difficult condition,
there was sull a 30% chance of comectly identfying the
presented sign Thus attests to the robustness of the ASL signal,
Second, as noted 1n the Results section, performance for static
presentation of full gray-scale signs dechines when there are
more than 6 fps in the activity sampling condition. Why?

Subjects reported difficulty with the task of scanning
through a page of “printed”™ ASL frames, although they im.
proved with practice The most common complaint was that
there were “100 many frames 10 see what was going on.” Ifat
were simply the case that there was an optimum number of
frames for each sign, then we would have expected to see
evidence of this in both subsamphing conditions, Yet, this
pattern emerged only for activity-index subsampling. The
difference 1s that although activaty-index subsampling chooses
critical frames, when the frame repetition factor n11s increased
in constant subsampling, critical frames are just as likely to
be discarded as any other frames, For constant frame-rate
sampling, the improved performance that would have resulted
at the optimal frame rate is compensated by the loss of cnuical
information Itis not just that there is an optimal number of
frames, but that there are optimal frames, and that acuvity
index subsampling 15 one method of discovenng optimal
subsets of frames.

Automatically generated ASL text. The ability of subjects
to “read™ static signs and our ability to use digital image
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Howfto,Suidy the Kinetic Depth Eﬁect‘Expeﬁmentqlly

-Barbara A.-Dosher
Columbia, University

-Michael S. Landy, .
New York University

-George Sperling
New York University

Sperling, Landy: Dosher, and Perkins (1989) proposed an objective 3D shape identification task
with 2D amfmual cues removed and ‘with full feedback (FB) 10 the sub)ccts 1o measure KDE-
and fo dircumvent algorithmically equivalent KDE and artf: 1 non-
KDE processing. (1) The 2D velocity flow-field was necessary and sufficient for tru¢ KDE. (2)
Only the first-order (Fourier-based) perceptual moton system could solve our task because the
second-order (rectifying) system could not sxmulunoously proec&s more than two locations. (3)
To ensure first-order motion processing. KDE ‘tasks must require s:multaneous processing at

more than two Jocations, (4) Practice with FB is ial to capacity (ap
and, thereby, to enable comparisons with idea)“observers Experiments without FB measure
ecological achievement-=the ability of subjects to polate their past to the current

stimula,

Qur arucle (Sperhing, Landy, Dosher, & Perlans, 1989,
henceforth, the source artcle) proposed the following, (1) An
objective tash that involves 53 different shapes 1o measure
shape 1dennficanon performance 1n kinetic depth effect
(KDE) expenments; (2) an algonthm for the structure-from-
mouon compumhons lhat subjects perform on these and
stmilar ;and (3)ad tion between three kinds of
o We d d (a) the true KDE computa-
ton, (b) a KDE-alternative computation—an informational
equivalent to the true KDE computation but carried out
elsewhere in the brain, and (¢) an arufactual computation that
arnives at the cormmect response 1n a given tash but is based on
an incidental property of the display. We motivated our
discussion by pointing out difficulues in previous work on
KDE that we believed could be died by g ob-

velocities™ (Sperling et al,, 1989, p. 839; see also Figure 6, p
838). In this anticle, we attempt to further clarify the role of
relative motion cues in KDE tasks (using 2D dynamuc images
10 answer questions about 3D shape) and in the continuum
of mental computations between true KDE and truly antifac-
wal computations. KDE is the perceptual experience of 3D
object depth evoked:by d)namlc 2D 1mages The opposite
end of the conti is an aruf p that
arrives at the comect resp for the expen ] task by
using an incidental'property of the display Although antifac-
tual computations nesd not involve motion cues, in the source
article we gave examples of some that do. These computations
were called artifactual b motion d the comp
tion m a way that shortcut the KDE computation, In one
a of ab velocity at a single fixed

Jective performance in tasks like ours.

Braunstein and Todd, two expenmenters who felt unjustly
criticized, wrote a commentary (Braunstein & Todd, 1990) 1n
which they argued that (a) we dismuss legitimate 2D relative
velocity cues to KDE as artifactual, (b) our expenmental tash
was not exempt from the cnucisms we levied at others, and
(c) KDE shouid be measured in tasks in which subjects are
not given feedback about the correctness of their responses
(so that the subjects do not Jearn 10 us¢ artifactual cues).

Braunstein and Todd's (1990, henceforth, the critics) pont
(2) reflects an unfortunate misreading. In fact, we proposed
that “the structure-from-motson algonthm. . involves finding
locat 2D velocity mimtma and maxima and assigning depth
values 1o these locations in consistent proportion to their

Preparation: of this anticle was supported by thc Unued Smcs Ait
Force Lafe Sciences Di Visual Infc g Pro-
gram Grart 880140,

Correspondence concerning this anticle should be addressed to
Grorge Spcdms. Ps)@hology Department and Center for Neural
S New York Uni , 6 Wash Place, Room 980,
New York, New York 10003,

445

pomx in the dnsplay would have sufficed 10 yield the correct
response, Our aim was not so much to classify computations
but to actually deduce the minimal computation that would
suffice to solve paruicular KDE tasks, In a well-constructed
tash, there 15 no ¢ | shortcut—~the minimal com-
putation 15 the KDE comp oris Iy equivalent
o,

The critics’ arguments (b) and (¢) were anticipated and
considered in the source article. Here we elaborate the source
article’s discussion and respond to two newly raised funda-
mental issues (How should experiments be conducted? and
How can a subject’s mental computations be exposed, meas-
ured, and controlled?) and to other issues (immediacy, prac-
tice, and scintillation) that pertain to our specific task

The 53-Shape KDE Task

Motion Produces an Immediate Experience of KDE

Our task uses 53 different shapes whose surfaces consist of
random-dot textures, Each shape is defined by three equatly
spaced Jocations Each location contains either a hill (+1) or

Atch-
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avz!!n(—l).orsﬂz:(O).S:x...‘.i;:-m:adeaeusd’
two such sets of Joca thing (spEe)

tion mmmob]kmandg:.admspaw
configurasien into oce spread-oct moesd. The stasic szados-
dot surface B2s no sh2pe cees 204 Jocks vhordy izt Whea
the surface begins to move in 2 gratle rczy oscation, B
2ppears instzezly 1o kave 3 pasticelar shape. In e socms
asticle, we urote “All subjects reportad that they peseehad 2
3D surface the first 2od evesy Gime they viewed the Eigh
numerosity dispiayvs” (p. 830). We Bzve demonsirzied these

Jerzieg sooxciom. As e erpesSmezon tesl shmlt Krege
£ the gy oaistep sEzeif, G expeSent st b
foteproied i tenms of the exse cf pracrFrrion cf prosioudy
fermed A o e Drw toRrg Sxell, This, 10 2093 tRe
iy of phots 10 Esoun seite wmrn feaenss & b
FEmrees, we wachd test themy wih Ezages of mrvad tepte.
Testing plicts w%5 o 53 raxdoms-dot shapes, withony a3
25ccSog then 33 copirsly B practie wirh Sxdack,
weekd 12X s ol Bow thelr previcedy acqeied sddll pemere
2Er= it woekd ot be 2pprnpeie for moeaseing ity Caakr
Soesty & 3 KDE <& oc their 2585 to acysior powe

KDE shzpes 10 subjects, 10 visitors, 2nd 1o buadeds of

observers at numerous kectuses 20d bave pot yet received evea
one report of 2n observer who &34 not peseeive 2 Wivid 3D
shape. We bebieve this is 2 natur2), ecologically v25d tesz of
the shape identificetion functions thet KDE kas evolved to
perform,

Effects of Praciice

Under nommal viewing, no leamicg or practice is needed to
perccive these 3-D shapes. The critiss” potion that practice is
needed 10 perform the basic task is wrong. However, practice
15 helpful for scime aspects of the task. (2) Subjects must le2m
to correctly use the naming coavention for these shapes, This
15 usually leamed in just a few views of sample stimuli. (b)
All subjects remember the shape of the oscillzting obpect, bt
unpracticed subjects frequently forget the final direction of
rotation. With corrective feedbeck, they leam 1o sepost both
shape and motion. (c) Some shzpes 2re deliberaiely made
quite similar. For example, in these stimuli, two adjecent hills

bine to form an el d hill. The distinction between 2
two- and three-hill configuration might be overlooked by a
subject who did not received feedback of the correct respoase,
but the distinction is easily J d. However, even highly
practiced subjects, with feedback, cannot infallibly discrimi-
nate betacen the two differently oriented three-hill configu-
rations. (d) Small of image degradation are easily
tolerated by all subjects. However, to correctly identify shapes
when the number of surface dots is grossly seduced or when
the signal-to-noise ratio is reduced takes practice.

Feedback or No Feedback?

The critics suggest that KDE experiments be conducted
without informing the subject about the comectness or incor-
rectness of the response (the 3D structure deived from mo-
tion), that is, giving the subject no feedback. By eliminating
feedback, the critics hope to avoid the problem of the subjects’
learning to use incidental cues. We believe that the better way
of deaiing with incidental cues is to eliminate them, or when
that 1s not feasible, 1o mask them or render them uscless by
wrelevant vanation (see below). What we address here is the
larger question of what can be learned from experiments with
and without feedback.

An expenment without feedback is essentially an epidemi-
ological investigation. It investigates the current status of 2
skill that has been acquired prior to the experimental situa-
tion. Therefore, the no-feedback experiment is simplest to

ﬂ.mmm:;-humgrsd
220t ke 10 do-—the By of ez pefecmeace. Be-
c2ose expesimaots with feedack poohe the Bndss of pesfesss-
2=x¢e, ooy e e 0N Rformrhe for the Ksoosery of
processog maekainmg I po-ferfiack expesizies, the v
knoen trning sevrSon, 22d the Evegeoer of tost 228
tr2Ening. pose problens foc thecertczl 2zhsis

Idecl Obsersers

O2z kiod of investizarion thes By been pertiechrfr iziers.
2hvezboct bemes 500 18 the compaison of b
pesforance with the p::fm::nec of a seishealy 3de2]
observer (Green & Swus, 1986/1973: Sperng & Dosber,
1985). Indeed, the eficiency of taforz2tion vse by bumess
W:wﬂclo&a\msdpmﬁdz-dsw
tierest. Tracisg informatson Joss 152 *'ocghtb:mgofs:a-
sory an2lysss yedds imporiant fsipkis 1210 seasoey o
(c2.. Geisler, 1959; Parish & Spesing, l%lt-wldbeof
greatinierest 10 koo, in noise-perterbed KDE daplansg, what
1he efiiciency of human shape jdestification is ia reketos 1o
1hat of 22 ideal observer. When the eficiency of b=z
peroeprual processeog is Bigh, we suspect that the task exposes
processes that are of evolntionary signiScasce.

To compare the processing efficiency of buman and ideal
observers, we peed 10 specify exactly what each kind of
observer knous about the experimental procedre, such 28
the a2 prion knowledse 2bout the probabikities of vasious kinds
of stimuli and the pavofls. This imnplies 2a experiment with
explicit feedbeck. To test and evaluate sophisticaed models
of humzn mental compuianion requires s 1o brizg into the
Izboratory much of the tr2ining that often fs assursed to have
occurmed naturally, and it requires more complex 23 more
explicit lzboratory procedures than have beea used in the
past, all with feedback 10 the subject.

Introspection Versus Objective Measvres of
Performance

Easly psychologists such as Wundt (1905) and James (1890}
attempted to distinguish the new discipline of experimental
psychology from the natural sciences by emphzsizing different
methodologies. They were especially concened with how
things appeared to them~—i jon—-rather than with
measurable skills and abilities. An important component of
the dev clopmcm of psychology has been the move away from
—now viewed as an extended verbal report—

interpret when the cument test is identical to a previous

and low:u'd behaviors that are simpler, more easily measured,
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KDE Versus Non-KDE Comp:aaiions

Ia the source asticke, we proposed 2 continerm of comspes-
mmﬁmamm=mmamm-bﬁ:n
shepe 2ssizament s 20compenied by the introspective impres-
s3oa of depxh strctere, 10 211if2otu2) compuiations. Astif =
2l cormpotations c2n be eliminzied by 2pproprizte timmes
mwhuo:s.‘l’bcmontrwblam:po&'bﬂm isa KDE-

ion thet is alposithmically equivalent 10

perceived in two-frame displays impliss that 2ccek
noxnmdcdfowKDE.SZmﬂzﬂ).mmcungaseqmof
frames so that c2ch individee] dot has a Kfetime of osly two
frames yickds high shape identification 2ccuracy (Dosher,
Landy, & Sperfing. 1989). These, 2ad other of our resuits,
imph that 2 velocity flow-field is 2 sufficient stimulus for
KDE. The dentities of the moving dots are preserved orly
long enovgh 10 yield 2 velocity estimate; subsequently, only
the velocitics and no1 1be dots themselves are needed for the
KDE structure-from-motion computation.

The humzn pcrcepma.! system uses two fundamentally
different eompulauons to extract motion flow-fields. First-
oxdex mouon zna!)s:s is served by motion detectors that

2 porat Fourier apalysis based on stim-
ulus contrast (Adclson & Bergen, 1985; van Santen & Sper-
ling. 1984, 1985; Watson & Ahumada, 1985). Second-order
{ncnFouries) moiil lysis uses more stimulus
propesties and invasriably involves rectification {e.g., the ab-
solute value of contrast; Chubb & Sperfing. 1988, 1989).
Dosher et al. (1989) showed that the first-order system was
the predominant contributor to KDE in our random-dot
stimuli (because only it had sufficient spatial resolution),
2lthough second-order motion computations could yield lim-
ited KDE under special conditions.

xh:m::kDEmmpuunoaandmz)shzmﬂzmcmm
icputs, but is 0ot acccrapasied by the introspectve impres-
son of a shape in depth. In the source asticle, we provided 2
125k in which the subject viewed six isol212d patches in which
dois moved 21 the velocity of six key Jocations in our KDE
displays. Performance in this task, which did ot involve
KDE, demonstrated not only that an altemative computztion
couvld occur, bt that thcpanzm ol‘rsponssand errors
produced by the 2l P % d the re-
sponse pattern in the KDE task.

Here we consider perhaps the most troublesome possibility:
true KDE supplemented by other computations. Suppose, for
example, in viewing one of our complex random-dot shapes,
the subject (a) experiences weak KDE and sees a hill and an
ambiguous area, (b) observes that dots in the hill and in the
ambiguous area of the display are moving in the opposite
directions, {¢) infers that these two subareas represent the
opposite depth planes, and (d) uses both sources of informa-
tion in his response. How can one deal with ¢he problem of
discorering the 2lgorithms underlying KDE performance in
KDE tasks and their precise implementation? The critics
assume that subjects naturally use KDE in KDE tasks, and
hat by not giving subsects feedback on the correctness of their

thinsa -‘-d‘
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D appraacking the peoblem of 2sScenal 228 a%enraty

Beoners black 2od wiine) redooed KetSoacon of 3D skapes
bw@gmwmﬁomﬁym-

Toce xe sevzzal reasoes why acace=al compoticons
based e coe o6 two kocacions seay sanvive Sost-ocder oo
&m-mmmm\mm
2eafiom 2bou ome of two Jocazoes mzy be otteined e by
tracking ndinidea) Fage f2tress, or by Exfometicn groc-
mmamsmmm«x

based o some form of reeriSezion

comprnzices, we jod B 5 pecessiy 10 2opoent the ixtro-
specie 2ppcvach with soroessive refaements i experioea-
nl;zac:d:cswmmx:dmcuﬁcmzs&rr
&Esonemed, Foo exzssiie.in oo skape Meosifiorsica task,
wsing stpes of coasderatle complexity. makes 2otifacea]
mm(abdrdymmﬂmdbdm

poo-KDE compeiations, the soerce antiche propesed &2l
t25ks it selonityely interfrred with the meatal processizg
resossee. L agesred for ahissmanive or 2riibacizs] competasions.

Muliilocction Motion Tasks

The socwoe 2:13c3e 21p0ed, 253 the oritics 2ppe2s 10 257¢e,
thet the $34bape Mentificotion sk s kss  scesible o
anifeciz2l componztions han caber t2sks, Homever, the
Gitics arges that the dstinction betaeer the S3shepe 125k
2ad previoos KDE txsks is =0t based 0a 20y fusdamental
principle, but is based merely 0a the number of Jocations
from which velotity information mst be extracied in order
10 perform the task. In rebutial, we show bere thet the
distinction befween one or two versus six Jocations is critical
{because either the first- or second-order motion sysiem c2n
provide i velocity 1nfc 10n about 0De of two

locations, but only the first-order sysiem can provide infes-

mation 2bout six). In the scurce article, we showed that the
structure of the earlier asks permitted information from oaly
one or two locztions to discriminate perfectly between alter-
native responses when the same information would have been
insufficient 10 construct 2 3D shape representation.

Dosher et 2l (1989) showed that complex shape identifi-
cation, based on motion at three or more locations, operates
very diiferently. from motion extraction at one or two loca-
tions. They used stimuli that were designed to selectively
stimulate either the second-order motion system or both the
first- and second-order systems and compared them in four
taske: the 53-shape identification task, a threshold detection
1ask for.motion 1n a single patch, a threshold direction-of-
mouon task in a single patch, and a motion segmentation
task that required finding the one-of-nine possible locations
at which there was an odd direction of motion. Manipulations
that disrupted first-order motion information (such as rapidly
alternating the contrast of stimulus dots on a gray ground

(&awmw&m)mwsmdnkw
i redacen 0 Exconde motioa (Cheld & Spestng, 193S;
SpesEg. 1535} ErspizicaBy, second-ooder informatson 18 vis-
tra¥y restsicied to the fove2, 2od even thers i is of fow spassad
sesoletion (Chebb & Spestiog, 1538, 15839). Nog serpeisingly,
whea the reconzsy of 3D siepe reqeies Smulianeccs infor-
masicn 2boet ©oioa fa three or moce boczsioos, & is ex-
Hr vedoesable 10 Esrepeion of Sost-order ixformetion.
mmad(lmmrmmm
exz=pie of why we make the Esiaction betwern t2sks thet
regeire obsenvation of ocly one of 10 loczsions 2od thase
that reguite moce. The §3-stape KDE task ks beea derson-
Momm&mgmsﬂmlmw-
Ppeass to be the 1 irput 10 21 compiex
mE&mmTzhxhnmksd\edb\mm
velocities 21 120 Joc2tons do Dot pecessasily involie efther
KDE ox the firs-order motion sysiem. Ozr criticissa of otber
t2sks ks beea thas they easily c2n be solved by computations
that are kss than the whole KDE computation. Indesd. it
would be 2 step forward if the KDE experimenters offered 2
fausitle KDE compuation against which performance in
xbmmlscou!dbcm:mmd.

How to D22l with Anifzctual Cuss

Dot Density. An Aryfactual Cue in KDE Experiments

The source artick javestigated structure from motion. In
this context, a nonmotion shape cue such as 2 loc2l variation
in 2D dot density is artifactual. (Of course, in a shape-from-
texture task, texture-density cues would be primary) We
climinated static (single-frame) density cues by resampiing of
stimulus dots when necessary 10 maintain a uniform 2D
density on each successive frame of the mosion stimulus, as
follows. Tk stimulus field was divided into 100 fixed arcas
of equal size. Each area was constrained 10 have three dots in
every frame. The 3D.motion of the surface between frames
causes dots to wander in and out of 3peas, some areas having
a net inflow and others a net outflow. Therefore, to satisfy
the constraint of having a constant number of dots, dots were
added or subtracted at randomly chosen Jocztions within local
areas. The fraction of new-plus-discontinued dots divided by
the fixed number of dotsin an area is the scintillation fraction
Our displays typically required 5% frame-10-frame scintilla-
tion.
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In the soeroe 2ticke, we mrezserrd the SensSy antiacy by
prodacizg 2 Ssplry that bad 2o wooa"coe, coly the ex-
taaddmvm“:b:hcdmymalme.oﬂﬂ cfoer
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2a6ct). sape KezifSoation wes akmost 25 200d 25 with
1m0 22d density cpes togethes, The sBght fmpairrsent wzs
peotally doe to the sriztiBaion that accoesspecied removal
of the denstay 21200,

Sciraillazion

The csitics post oot thet ocr oethod of efimizating the
deasity cpe introdoces a regon-specific varizSon ia scistilla-
o, which s jelf 2 posshie coe in a skape ideasiSication
back 25 the remady., Are restricting the opportuzity 10 practice
20 eEmizating feedback the optimal methods of dealing with

ﬂm&dcnﬁ!“‘h.anlb:degc:ofmwfmk
wr beBeve that 71 §s bester efther 0 &

e iscziminations (c.g ., there prob-
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General Procedures for Dealing with Artifeictual Cues

The procederes vsed 10 and 1o eliminate the dot-
dmmm:mmmmsﬁmmmm
pasticuler artifact yickds above-chance guessing, (2) measere
the strengzh of the artifactual cue i isolasion aad (b) coastruct
displays in which the coe is eliminaied, masked, or rendered
eseless by irreSevant varfation. Creating the cue in isolation is
uscfel becanse bounds on the possible sirengih of the cue can
then be determined. For example, dot dersity and scintillation
were extrermely weak coes. Eliminating anifactea] cues in the
displays of inierest is an 3deal solution, bt is not abvays
pom'bk.'l'bns.dﬂ-d:t&t) cuss could be ehiminated, bt this

duced scintillation cues that could not be climizated but

effectiveness of sgrificznt znifazts o7 to eﬁmma:: dxm. 23
we did the denséty cue. Simply asseming thet lack of practice.
wil] seffice is pot 2dequzte. Indeed, the possitility that scin-
Wlation vasiztions might be a shape cue was considered in
the source 2ticke; it was disissed because scintilletion is 2
even weaker oz thaa the extremely weak dessity cve. That
is. when dispins 27 1ed without motion cues but
with only a deasity cue or 2 scintill2tion cue. it obniously is
karder 10 pesceive 2se2s where scintillation differs from the
averzge thea where density differs from the average (L2ppin,
Doner, & Kottzs, 1980). This is because random ervor in dot
density as 2 direct cue 10 3D slope occurs only beczuse of
sampling ervor (limited number of dots) and the fineness of
the 182 x 182 piacl grid, uhercas randomerrorine  wlation
of scintillation 10 2 frame-to-frame chznge in 3D sk, occurs
because of the cozrseness of the 10 X 10 grid of local areas
within which density was kept constant. That is, because of
the way stimuli were constructed, scintillation density was an
objectively less reliable cue 1o shape than was dot density.
Like the doi-density cue, the scintillation cue in our displays
can be measured alone and it can be compensated or mashed.
Displays were constructed that had a pure scintillation cue,
without the changing-density or motion cues. The only subject
who was able to perform above chance with the isolated
density cue also viewed the new displays. With a pure scintil-
lation cue, it was clear that his performance in a shape
identification task would have been even lower than that with
a density cue, although we did not feel it was worthwhile to
run a formal expsiment. Conversely, displays were con-
structed with normal density-controlled KDE cues, but with
extraneous scintillation added uniformly throughout the dis-
play 10 mask the scintillation cue. Shape identification in
these displays (with the scintillation cue rendered ineffective)
appeared essentially equivalent to nommal KDE displays.
However, adding extraneous scintillation reduces the signal-
to-noise in the lus, and more ded observations
undoubtedly would reveal a shght impairmeni—not due to
the loss of the scintillation cue but to the added scintillation.
The bottom line for displays that are not scintillation-cor-
rected is that the residual scintillation cue could be used to

cozld be masked by adding siill more scintiliation. Jt was not
pecess2ry 10 use the third general method of dealing with
unwanied coes—introdocing irrelevant vasiation. For exam-

Ple, irredevant vaniation is tsed 10 elimi 0 exient 25
2n 2nifact in velocity esiimation (McKse, Siherman, & Na-
kayzma, 1986).

In our experiznee, it has never been ntcessary or preferable
10 dzal with possible 2tifactue] cues by vsing naive subjscts
without feedback and hoping that the subjects do not use the
artifzctual cuss. To review our previous discussion: the prob-
lem is that, for optimal pesformance, subjects must also Jezrn
10 optimally use the relevant cues, and this requires practice
with feedback.

Summary and Conclusions

1. The extraction of 2D relative velocity is a basic substrate
for deriving 3D structure from dynamic visual stimuli for
both the trus KDE or KDE-altemnative computations.

2. The 53-shape lexicon for our identification task presents
an ecologically valid test of shape recos ery (KDE) for complea
depth surfaces.

3. Practice in the 53-shape task serves to optimize identifi-
cation performance: however, practice is not necessary to
immediately pereeive vivid KDE.

4. Properly conducted, experiments with feedback can mea-
sure the limits of human capacity; experiments without feed-
back maeasure the ability of subjects 10 generalize from their
past expenience 10 the experimental stimuli.

5. Excluding feedback in KDE experiments does not elim-
inate the possibility that artifactual cues may generate 2
correct resp it merely confuses the issue,

6. Scintillation is an insignificant cue in the 53-shape stim-
uli.

7. Deriving high-resolution 3D structures from 2D dynamic
displays requires the first-order motion processing system. In
moving-dot displays such as ours, the second-order motion
system cannot be used to solv¢ tasks that require simultaneous
acoess to velocities at more than two locations. Therefore, to
isolate the KDE performance supported by first-order motion
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Textire interactions determine perceived contrast

Cumancw.G_zmSzmm.unm.\A.Summ
ot Poceaty Laberatny. Lo S Nemat S saof Desatoert of Pytoinga. Son Yok Uomewry, 6 Bactmgin ez,

Bt hffvmoee
Sem Yordl XY Jwe2
CoerBuzel By Gewepe SperSivg. Aapast 24, 1559

ARSTRACT  Feraporich ef randacs sissad sextace enbed- Enduced Redoction ef Apy Contrast. Werepocibese2a
ddima oo Bxdorsand of sinder satwre, we % Eghtarss g ﬂ:&n&e}mdd:mped
& et Lor poceised of tSe scxtare patch & such models. The basks cffeat cxabe obserndma &spley
depends sl n@ru&. mem zmﬂembfg.l::ﬂ!b exoept Cat—exytead of vasyisg
e Fatch is ded Ex bieh 2 &2 and s backpoend—we vay (s

kx#pu‘:.sdﬁtla_:xt'ﬂdwﬁ-c ﬂsrﬂ-

spasit
l’xwhﬁfa‘ﬁ)&mxﬂdadbtgﬂm
preseated so ElJcreat exves. Ocx icipated by all
mm«mmnﬂpﬂbam
tzad meckaainm for cratrast s coetred ocoTERE 28 23 exsiy
coctical o precortical mezral boces.

Se=sdeaoeces Brighanrss Costrast, The pestemved Egltacss
of a cadornly oozt &scowened o 2 buope exdorm
swrocadicg backgrocad depeads pot directly oo the kexzi-
rzace of the s, bex rzeber oa the rzho of disc lesamance £
bachzroend kemezace ¢1-3). Evea a s;:mz!!y sestnceed
backgoced affects © d bk as i I by the
:‘a!amshmnnﬁ;_lazndb ThediscsmFig. laasd b
2re nmhdcsxthemmazmbgu::
theatbe discmab. Thrs pb

Eg.ld;adxbcmz:z\-&ss‘ dases ol
sexzere coctras’ (0.5).

Ris za erencal fact (ot 22 observers percenve (he textere
Eseod . e asberng L berber erathe

Beorica). (We deseride a strooger foce of the diusion below.)
The berght pixels iathe textere disc of Fig. 1e 2ppear brighter
isaa their cousserpasts in d, and simolascously the dask
pixels in the disc of ¢ 2ppear dasker thaa their couplerparts
ad.

For cach of the discs in Fig. 1 ¢ 2ad d. the averzze
&fferense in kessinence ai the border beineen tbe disc 2nd its
backgrouad ts O (¢ for r2ndom fluctuztions). In fact,
nmsu;}cmdnﬁglcznddhsncxpwedhm
cqm!wthcmmhmmee_'{berdm exvept for random

Goss, aay two areas of Fig. 1 ¢ and d have the same

Bn:ﬂprdcdlnmmso[amnomkb) notiag that s a the
r2t:0 of tbe disc s hemnance 1o backgzound lucunence 5
grezier then 1; in b. the r2130 is Jess than 1.

Lateral Inkibition. A pxturz] w2y 10 exphin simultancous
conlrast is in terms of Icteral inkibition. M2ny models based
on katerzl inkibition have proposed that, at some level of
visuzl processing. neuroas strongly stmubsted by the high-
niensly badp'wndol’thcdxscml’r 1b suppress the less
strongly ding to the imntenor of the
dic. In Fig. la, lhewntspondm- neuroas withma the dse
raene no such mhibtion from the weakly stimulaied nen-

TOMS SUT 1z them. C quently, the located
within thx dise of Fig. 3a respond more sigorously than thess
countesparts in 16,

Under the crudest lateral inhibition model, the hgh of

a\a:@:l:mncc and any consistent difference in 2ppear-
2ace between the discs of Fig_ 1 ¢ and d cznnot be accounted
for by standard (luminance-based) lightness models.

EXPERIMENTS 1 AND 2: CONTRAST AND
LIGHTNESS INDUCTION

Metbod. To compare Fiz. 1 ¢ and d. most obseners shift
their cyes back and forth between the two texture discs. To
produce a stronger sersion of the texture-contrast jllusion
that does not iavolve ey ¢ movements, we use just Fig. 1dand
modu'ate the vontrast of the background texture sinusotdally
#n me between extreme wnuas(s of 0and 1. In additron, we
produccancw, ind di ion of the rand:

a given pomnt in the isual field would be suppressed 1
proportion to the intensity of ezch ncarby point (1). But such
ascheme would resull. for example, inlower lightness values
for puints near the edge of the disc 1n Fig. 16 than for points
inits intenor. The fuct that both discs in Fig. 1 a and b appear
to be of unidorm Usghtness across their full expanse suggests
a more complex form of lateral inhibition ¢4). Regardless of
their details, all models that invoke the principle of lateral
mhibition rest on the assumplion that the primary factor
Jetermining the percenned lightness of either disc in Fig- 1 a
of 4 is the ratio, at the disc edge, of disc luminance to
background fuminance.

The publicadion costs of this aricie wese defrayed i part by page charge
payment, Thrs anixie must therefore be hereby marked  adsertsemens
m accosdance with §8 U.S C. §1734 sokely to indicate ths fact

9631

Bieh-

d by Fig ".d 60 umes per sevond. This produces
60-Hz texture Micher over the whole ficld, but it eliminates
any figural cues and renders neghigible any effects of eye
movements on the spaliotemporal frequency content of the
retinal simulus. The slow contrast modulation of the back
ground causes subjects to perceve the contrast of the teaiure
dist. to be modulating in antiphase. When background con
trast ts high, texture-dise vontrast appears to be low, and vice
versa.
We used two nulling cxperments to measure the induced
dul. of the appa of both the dark aund
bnight pixels of the texture disc. In the first oulling expen-
ment, subjects viewed the texiure disc while the contrast of
the surrounding background was being sinusoidally modu-
Tated (at 0.47 H2) between 0 and 1. Simultaneousty, the
contrast «{ the center disc was modulated in phasc with the
background. The mean laminance of the texture disc was
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Fic. 1  Two factors i) g the kizh valaes assigoed pogats i the visual ficld. (¢ 2nd 5) Classical lig! The Egh
dadxsc\mcdmahckgomﬂdc‘tndsnﬂodymlhclmdlbcdm&ndmmlhcnmofdm 1 to beck d lumi:
(boundary coatrast). The ruo of the | of dusc 1o back d 1s preater than 1 for a and less thaa 1 for b. Allhouﬂdmmaandb

h2ve the same Jununance. ummaz.wsﬁ;hlalhzm!mrnb e and d) Induced duction. Like the mean-h discsinaand

b, the texture dises 1 ¢ 2nd d zre sdentsical; cach 13 of contrast ~0.5. B

Bigher contrast thaz thatin d.

hept constant in time. Subjects adjusted the modulation
amplitude ¢f the disc’s contrast until disc contrast 2ppeared
constant in time.

The purpose of the second exy was to determi
whether or not there was a modulation of texture-disc overall
hgh induced by modelating the contrast of the texture
background Azcordingly, the contrast and the mean lumi-
rance of the texture disc were dulated 1n

of the k background, the disc in ¢ appears to be of

canceled by equal and opposite modulations of the lumi-
nances of darh and bright pixels in the disc.

The magnitude of this illusion is illustrated graphically in
Fig. 2 for 2 mean texture-disc contrast of 0.4. The sinusoidal
broken line gives the contrast of the background as a function
of time. For a texture disc whose mean contrast (over time)
is fixed at 0.4, subjects found it necessary (inthe ¢ nulling

) to modulate texture-disc contrast in avcordance

phase with the background. The modulation amplitude of
texture-disc contrast was fixed at the level (determined for
cach subject 1n the first experiment) at which the induced
contrast modulation was nulled. Then, subjects adjusted the
amplitude of texture-disc mean luminance modulation until
the overall ligh of the disc app dc in time.

All displays were viewed binocularly from a chin rest at a
distance of 1 m. At this distance. the texture disc was 1.35°
:'_n dizmeter gentered in the 3.6° square bachground texture

icld.

Results. We tested texture discs with mean contrasts
ranging from 0.2 to 0.5, and for all (1) the nduced contrast
modulat:on of the lcxlurc disc was substantral, while 1) the
induced overall hight di was neghgible Thus,
modulating the contrast of the texture background induces
soint modulations of the apparent lightnesses of dark and
brght pixe!s i the texture disc—jomt modulations that are

\nll- the solid hine of Fig. 2 in order to make texture-disc
contrast appea+ constant in time. Thus, the texture disc
appears 10 remain at a constant contrast (as shown by the flat
brokenline of Fig. 2) wheniits contrast 1s actually modulating
in conformity with the solid line of Fig. 2. The amplhitude of
this nulling modulation (averaged for two subjects) is 45% of
the texture disc’s mean contrast. Similar data were obtained
in other conditions.

EXPERIMENT 3: INTEROCULAR INDUCTION

Method. Is the induced modulation of texture-disc appar-
ent contrast the result of an carly or alate visual process? One
way of investigating this question 1s to see whether or not the
induction can occur across different eyes Interocular induc-
tion implics that the neurons responsible for the induction
must be at the level of the cortex or a higher visual center

)
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ancd) monoculzs msduction implics that the Jocus of lhc
induction is aa early cortical or pr:eem:al

Accondingly. we pesformed a third experiment in which the
nducing background was delivered 1o one eye and the test
disc 10 the other eye. Agan we used the method of adjust-
ment. There were four kunds of trials: (i) both disc and
background were presented to the right eye; (i) both were
presented to the left cye; (i) the left eye saw only the disc
and the rizht eye saw only the background, and (iv) the right
eye saw the disc and the left eye saw the background.
Whenesver a region of one ¢y¢’s retina was presented with
texture, the comesponding region of the opposite setina was
presented with uniform mean luminance.

To minimize binocular rivalry, we used the following
prcs:mauon sequence: Th- texture disc (which was 1.1° in

) was flashed dically. Each flash lasted 133 ms,
and flashes were scpamxad by 500-ms periods of uniform
mean luminance. Two types of disc flashes were altenated:
background-on flashes and background-off flashes. On back-
ground-on flashes the texture disc was surrounded by a (2.
square texture background of contrast 1. On bachground-off
flashes, the texture disc was surounded by a background of
contrast 0 (i.c., a uniform mean-luminant field). For some 8,
under the subject’s control, the contrast of the texture disc
was 0.4 + 8 on cach background-on flashand 0.4 — §on cach
bachground-off flash. On each tnal, the subject adjusted &
(which was randomly initialized) until the contrast of the
texture disc on bachground-on flashes appeared equal to 1ts
contrast on background-off flashes.

Results. Virtually sdentical data were obtained for two
subjects; the data for one subject are shown in Fig. 3. On the
trials in which both texture disc and texture background were
presented to the same eye (either both to the right eye or both
10 the lef1), subjects had to make the contrast of the texture
disc 407% higher on the background-on presentations than on

Proc. Nezi Aced, Sei. USAES5(1539) 5653
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background are presented 1o the same cye. This finding
restricts the physiological location of the mechanism under-
Iying this induction to an cardy cortical or precomca! neuron
population (S, 6).

EXPERIMENT 4: INDUCTION BETWEEN
SPATIAL FREQUENCY BANDS

Method. In a fourth experiment, we examined whether or
not texture filtered into onc spatial frequency band could
influence the perceived contrast of texture in a different
spatial frequency band: that is. whether contrast induction is
narrowly or broadly tuned for spatial frequency. We spatially
filtered the texture of the disc through an ideal, octave-wide,
nonoricnted filter. The background was filtered by one of
three adjacent octave-wide filters. The middle background
filter was identical to the texture-disc filter (the frequencies
passed by this filier were between 5.8 and 11.6 cycles per
degree at a viewing distance of I m). Examples of eachof the
three textures are shown in Fig 4.

Results. The results for two subjects are shown in Fig 5.
For both subjects. the largest contrast modulation is induced
when the bachground texture is the same as the disc texture
When the background texture is 1n an adjacent octave-wide
band, cither one octave above or one octave below the disc
texture, the induction 1s much weaker for both subjects.
These results show that the reduction in apparent contrast of
a disc induced by a (exlurcd background 1s spatial-

quency-specific. P into onenta-
tion specifi icity indicate that “hcn an oriented background
texture 1s not in the same orientation as the disc texture, its
ifluence on the perccived contrast of the disc texture is
e

the background-off pt tions to equalize the

contrast of the texture disc across alternating background«)n
and background-off presentations. However, when texture
disc and texture background were presented to opposnc
eyes, no such ¢ was required We
infer that the contrast of the lexture bachground influences
the apparent contrast of the texture disc only when disc and

DISCUSSION

The results of the fourth expeniment suggest that, at some
level of visual processing, neurons tuned to roughly a single
octave (or less) in spatial frequency snteract across space
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Fic. 4. &mdmwmmmmmdmdaﬁmmﬁm Frm:fxz:zsdnmﬁ
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octave below disc frege b) tack d 20d disc
freguencics.
with sumilasly tuned Taken ber, our results

supponamoddmuinchlhc.;mpmpmofmhabud
selective neuron 1s pommalized rehative to the average re-
sponsc amplitude of neasby neurons with the same frequency
tumng. Neurons diffening in frequency tuning by more than
an octave have much less influence on cach other.

Senveral mvestigators have reported lateral mhibitory -
teractions between adjacent complex stimuli—for example,
between textures of different spatial frequency (G), between
hines diffening in onentation (8, 9), and betw cen different local
selocities (10). The interactions have been small because
these paradigms required the two stimuli to differ in their
critical dimension. spatial frequency. orientation, or veloc-
ity. In a precursor of the present paradigm, Sagi and
Hochstein (11) used a grating whose contrast was spatially
modulated analogously to luminance in the Craik-O’Brien~

are the same, (dwmﬁwmmmmm

Comsweet illusion (12) to provide evidence for lateral tex-
ture: inkibition. H . their display did not per-
mit measurement of the effect.® Intemeuron texture nter-
actions have also been proposed on the bases of dz1a obtained
1n searching for a target among distractor stems (13). Pre-
scient though such a theory may be, the data themselves
admit other explanations and provide only indirect mdica-
tons of texture interactions. Thus, the present expenments
illustrate a kind of robust, spatzal, feature-speafic interaction
thal s (i} sinular to gain control as obsen edin ph) siological
experiments (14) and (i} cipated 10 the exp of
complex search tasks (13). but that has not. to our hnowi-
edge, been unambiguously obser ed before with simple tex-
tured stimuli in a psychophysical setting.

SUMMARY AND CONCLUSION

We have d d the depend of the perceived
Tightness of a point in space on lateral texture interactions in
the \lsual dlsplay. Thc pcrcencd contrast of a patch of
d ed by the contrast of sur-

I lcx(urc. In particular, for spatial texture in a certain
l'rtqucncy band, the perceived contrast varies inversely with
the contrast of surrounding texture in the same band. We
showed that this lateral inhibitory effect is strictly monocular
and that it is narrowly tuned for spatial frequency. The
possible implications for perceptual theories are profound.
On the one hand, it appears that the lightness of a point in
space is a far more complex function of its cavironment than
had hitherto been suspected—it will take a great deal of work
the precise spatiotemporal propetties of the

~ 50
T o
& 404
1 °
304
- T o
20+
‘§ -4
g 10 o
to ¢lab
3 ° T T 1
B 0.s 1 2
Spatial frequency ratio, £y, ed /_f,m
Fi6 5. Ind: of texture-d pp contrast 1s narronly

tuned for spatial frequency. A nulling procedure was used with the
sumuli of Fig. 4. Ordinate indicates the difference in contrast
between a texture-surrounded test dise (of contrast 0 4) and a texture
disc matched in apparent contrast to the test disc, viewed against a
uniformgrey background Abscnssa ndicates the spatial frequency of
the back dataforeachof two subjccts.each
point is the a\cmgc of the last 10 reversals of a staif

textural interactions sketched out here. On the other hand, if
there are such specific lateral connections between spatial-
frequency-tuncd neurons and their similarly tuned neighbors,
might there not be cqually specific connections to nor-
malize the responses of other classes of ncurons? Is self-
normalization a universal pereeptual principle?

*Sags and Hochstesn also seported that o hght bai of a grating
adjacent (o 4 Zero-Lonstrast area appeared lightes than other bars
114y possible to account for this effect i terms of simple luminanve
in«eractions, it does not stricily require texture interactions

menteroris approxtmalely equal to symbol size. Thesc data suggest
that induced has app ly a onc-octave
spatial-frequency bandwidth

The authors arc grateful (o Barbara Doshes, Michael Landy . and
Robest Shapley for their helpful comments This work was supported
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